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The broad aim of this work was to investigate the in vitro osteoclast (OC) resorption 
of calcium phosphate (CaP) biomaterials. Resorption of CaP biomaterials is 
traditionally assessed using an OC resorption assay where resorption pits formed on 
the CaP surface are analysed by microscopy techniques and quantified on the basis of 
pit number, pit area or pit volume. Apart from the time consuming nature of the 
analysis techniques, there are many limitations associated with the current methods. 
Pit area measurements (2D) have become common practice when assessing CaP 
biomaterial resorption in vitro but it is not a precise indicator of resorption; variations 
in pit depth are not taken into consideration and it is unsuitable for use on porous 
materials where visualisation of internal structures is difficult or for use on materials 
with rough surfaces where determination of individual pits would be difficult. A 3D 
quantification of bioresorption is available but requires specialised, expensive 
equipment.
An appropriate measure of resorption was required to be more efficient and more 
cost-effective than the current available in vitro methods, but most importantly, to 
directly correlate with pit area measurements and have the ability to be used in a 
broad range of in vitro experiments. Thus, the aim of this work was to establish the 
suitability of several outcome measures as indicators of OC resorption in vitro that 
directly correlate with the current pit area measurements.
An OC resorption assay was developed for the generation of actively resorbing OC 
in vitro. Several experiments were conducted in order to optimise the resorbability 
of the generated OC. Cell culture variables included: cell type, OC differentiation 
factor concentration, media type, cell seeding density, pH and cell culture period.
Once the OC assay was established several outcome measures were assessed as 
potential indicators of resorption in vitro, namely; the correlation of percentage area 
resorbed in vitro with Ca and P mineral release into cell culture medium, OC number
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Summary
and OC activity. In order to accurately correlate pit area with the alternative 
outcome measures the assay was carried out using dense beta-Tricalcium Phosphate 
(P-TCP). The rationale for using a dense substrate was two-fold. Firstly, it allowed 
pit formation and area to be analysed devoid of material anomalies or pores, which 
are frequently observed with less dense substrates and can give rise to discrepancies 
within results. Secondly, the current 2D methods for measuring resorption perform 
best on a substrate free from imperfections.
This body of work has established two main outcome measures of bioresorption in 
vitro that correlate with pit area measurements; Ca and P mineral release into the 
culture medium and OC specific enzyme activity. Both outcome measures assess 
bioresorption using biochemical techniques. These outcome measures have shown 
potential as indicators of bioresorption in vitro and will prove invaluable for 
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The field of biomaterials is interdisciplinary, requiring knowledge and expertise from 
many backgrounds including; material scientists, cell biologists and mechanical 
engineers. Biomaterials are relevant to many areas of research such as tissue 
engineering, regenerative medicine and medical devices and implants. Amongst 
these, orthopaedic implants are the most common body implant [1] with metal, 
polymeric and ceramic materials used in such devices.
Research direction is strongly influenced by commercial markets. The Global 
biomaterials market was valued at $28.8 billion in 2009 and is estimated to rise to 
$58.1 billion by 2014 [1], $3.5 billion of this global market was attributed to the US 
orthopaedic biomaterials market, which is estimated to reach $6.3 billion by 2016 
[2], Such growth can be attributed to the demographic profile of an ageing 
population and the prevalence of osteoarthritis; however, with an increased 
awareness of the benefits of physical activity more people are physically active into 
their later years. This increases the need for health maintenance, specifically joint 
care, as such activity is often the cause of fractures, degenerative disc disease and hip 
and knee problems.
Bone grafting using autologous (patient’s) bone is the ‘gold standard’ [3,4]. 
Allograft (donor) bone is also used but there are associated limitations with both 
autograft and allograft; a second surgical procedure with related donor-site morbidity 
(autografts), problems with immunogenicity and demand outweighing supply 
(allografts). This has led to a demand for synthetic bone grafts [5] but to date 
commercially available synthetic grafts have been unable to match the clinical results 
seen with autograft [3],
2
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Current research related to synthetic bone graft development is focused on more 
biocompatible and bioactive materials compared to the metallic implants previously 
used for fixation. The two main reasons for this shift are i) to improve patient 
recovery with the elimination of a retrieval operation and ii) to reduce healthcare 
expenses [5], However, metals such as stainless steel, cobalt-chrome and titanium 
are still required in joint replacement and fracture fixation for their mechanical 
properties.
Ideally synthetic bone grafts should be biocompatible, integrate with the bone 
resorption process and aid new bone ingrowth whilst retaining sufficient mechanical 
strength. Throughout the last decade resorbable bone substitutes have been 
introduced in a bid to match, if not exceed, the clinical results seen with autograft 
[6]. Resorbable materials which can utilise the bones natural remodelling process to 
degrade, releasing non-toxic by-products that can be easily metabolised by the body, 
are very attractive for use as bone graft substitutes.
1.1 Bone structure
Bone is a dynamic tissue and has important functions beyond simply structural 
support. Bone provides protection to bodily organs, is the primary site for 
haemopoiesis and plays a role in mineral homeostasis, with calcium as its primary 
metabolite [6],
1.1.1 Bone matrix
Bone is a connective tissue composed of extracellular matrix and water with a 9:1 
weight ratio respectively [7]. The extracellular matrix can be sub-divided into 
organic and inorganic phases. The organic phase consists of several protein families; 
collagens, proteoglycans and glycoproteins. Type 1 collagen makes up 90% of bone
3
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protein with the remaining 10% consisting of smaller non-structural proteins, growth 
factors and blood proteins that assist bone mineralisation [8], The inorganic phase is 
mostly microcrystalline HA but also contains some trace elements such as sodium, 
magnesium and fluoride [7], During mineralisation HA crystals develop between the 
long collagen fibril axes to form a highly specialised tissue displaying properties of 
high stiffness, strength and flexibility [7].
1.1.2 Structural forms:
There are two macroscopic types of adult (lamellar) bone; cortical and cancellous 
also known as compact and spongy bone respectively (Figure 1.1). Cortical bone is 
dense and represents -80% of skeletal weight. This hard compact bone has a high 
density, giving it the ability to resist bending. Cancellous bone is less dense and 
forms a honey-comb type network that supports the distribution of mechanical load, 
resisting compression, through a series of orientated trabeculae (small struts). 
Trabeculae are arranged in accordance to Wolffs Law [8][9], with thickest 
trabeculae arranged in the direction of greatest stress.
Cortical bone is a complex system made up from structures called osteons. Osteons 
consist of cylinders of concentric lamellae that are orientated parallel to the long axis 
of bone. Cement lines, which lie parallel with the lamellae, define the outer edge of 
each osteon. In the centre of each osteon is a matrix free canal - the Haversion canal, 
which houses blood vessels and nerves essential for bone maintenance. Active 
osteons communicate with each other and the bone marrow cavity through 
Volkmann's canals, which link central Haversion canals of adjacent osteons (Figure 
1.2). Irregular areas between individual osteons are known as interstitial lamellae 
and represent previously remodelled osteons [8].
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Figure 1.1: Macroscopic architecture of adult femur. Section through adult femur showing 
cortical (compact) and cancellous bone with a thin layer of articular cartilage (AC) covering the head 
of the femur [8]
Figure 1.2: Unstained slice of cortical bone after formalin fixation. Transverse section through 
cortical bone shows osteons (groups of concentric cylinders) with central Haversion canals (H), linked 




There are four main cell types associated with bone; osteoprogenitor cells, 
osteoblasts, osteocytes and osteoclasts, which are classified by their location and 
function.
Osteoprogenitor cells are derived from mesenchymal stem cells found in the 
periosteum and bone marrow. Osteoprogenitor cells are capable of differentiating 
into specialised bone forming cells called osteoblasts (OB). When bone is not being 
formed these cells are dormant and are known as bone-lining cells, lining the internal 
and external surfaces of bone, known as the endosteum and periosteum respectively, 
with a single layer of flattened cells [8][ 10],
Osteoblasts (OB) also line the periosteal and endosteal surfaces of bone but display a 
cuboidal shaped cell layer. The role of the OB is to make new bone when required by 
secreting unmineralised bone matrix (osteoid) [8], Active OB express high levels of 
alkaline phosphatase (an enzyme that catalyses the removal of bound phosphate 
groups by hydrolysis) which is thought to be an indicator of mineralisation by the 
liberation of phosphate ions into the bone matrix [10].
During bone formation some OB cells become trapped within the mineralised matrix 
and differentiate into osteocytes. These engulfed osteocytes form an interconnected 
network via a series of small tunnels called canaliculi, throughout newly formed 
lamellar bone. Osteocyte cytoplasmic processes extend through the canaliculi and 
allow communication between individual osteocytes [8] (Figure 1.3). When bone is 
under mechanical stress, osteocytes are thought to act as stress sensors that mediate 
the bones response to stress by signalling to OB and osteoclasts (OC) [10].
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Figure 1.3: Transverse section of an osteon at high magnification. Arrow indicates 
communicating cytoplasmic extensions between individual osteocytes. Canaliculi carry cytoplasmic 
extensions between osteocytes allowing communication with adjacent osteons!*) [8].
OC are large multinucleated phagocytic cells derived from hematopoietic precursors 
present in bone marrow and the peripheral circulation [12], OC have typical 
morphological features that help distinguish them from other bone cells such as 
multiple nuclei, a polarised apico-basal membrane and a highly ruffled membrane 
(ruffled-border) when actively attached to bone [12] . OC are highly motile and do 
not actively resorb until they anchor onto bone where they then secrete acid (to 
dissolve the inorganic phase) and proteolytic enzymes (to break down the organic 
matrix) forming characteristic areas of resorbed matrix, known as resorption pits or 
Howship's Lacunae [10], Active OC express high levels of tartrate-resistant acid 




Adult bone matrix continually undergoes a process of repair and renewal by OC and 
OB. In healthy adults bone remodelling is a normal homeostatic mechanism, 
resulting in a relatively stable bone mass. When this balance is disturbed by 
pathological conditions and disease the number of OC, the number of resorption sites 
and/or the rate of bone formation is altered and can result in an under- or over­
production of bone [12], There are many conditions that result in net bone loss; 
osteoporosis, rheumatoid arthritis, periodontitis and tumour-induced osteolysis to 
name a few [10],
The current concept of bone remodelling consists of four distinct phases [4]. (Figure 
1.4);
1) Resorptive phase: multinucleated OC resorb mineralised bone matrix
2) Reversal phase: osteoprogenitor cells, which differentiate into OB, migrate 
to the site of resorption
3) Formative phase: OB deposit unmineralised osteoid into the resorptive pit
4) Resting phase: once embedded in osteoid, OB differentiate into mature 
osteocytes and the bone matrix becomes mineralised. Lining cells cover the 
surface of the newly formed bone until the remodelling cycle starts again.
The remodelling cycle occurs within small groups of cell units called basic 
multicellular units (BMUs). At any given time -20% cancellous bone is being 
remodelled [4]; however the rate of bone turnover is determined by the overall rate 
of both resorption and formation. The resorption phase may take up to 4 weeks 
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Figure 1.4: Bone remodelling cycle. This figure shows the remodelling phases; resorptive, reversal, 
formative and resting and the subsequent cell type associated with each phase[ll].
1.2 Materials used for bone reconstruction
The two main events that can disturb bone haemostasis are disease and trauma. In 
cases of significant trauma, damage may be too extensive for natural bone 
remodelling to occur and implant surgery is the most likely treatment option, often in 
conjunction with a bone graft to stimulate healing [12],
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1.2.1 Synthetic orthopaedic biomaterials 
Metals
Metals have long been used as biomaterials in orthopaedics due to their excellent 
mechanical properties and easy availability. Metals have generally been considered 
to provide good clinical results with regards to fracture healing but they are not 
without their drawbacks. Metal implants such as stainless steel have a much higher 
Young's Modulus (210 GPa) compared to that of bone (10-20 GPa) [13] It is this 
rigid, high stiffness property of the implant that allows it to carry load during 
healing, however, this causes the growing bone to carry insufficient load which can 
weaken it and subsequently lead to re-fracture after removal of the metal implant 
[13]. This happens in accordance with Wolffs Law where increasing the applied 
load to bone stimulates remodelling over time thus promoting bone growth whereas 
depriving the bone from loading will subsequently weaken the bone due to a lack of 
stimulus for remodelling and hence a reduction in bone mass. Therefore, if the metal 
implant is taking the entire load, growing bone is shielded from the load transmission 
during healing, a process known as stress-shielding. Other problems with metal 
implants include an increased sensitisation of the surrounding soft tissue and the 
requirement of a removal operation.
Polymers
Polymeric materials can be classified according to two parameters; 1) natural or 
synthetic and 2) biodegradable or non-biodegradable. The main advantage of using 
biodegradable polymeric materials is that they don’t require a second removal 
operation. Synthetic biodegradable polymers show properties that make them
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particularly suited for non-permanent orthopaedic implants as they can be tailored to 
produce a range of properties in comparison to natural biodegradable polymers[13]. 
In effect, synthetic biodegradable polymers can be designed to limit stress shielding, 
as they can be tailored to degrade at a rate proportional to the rate of bone growth 
transferring the load more effectively to the growing bone during healing[13]. Many 
biodegradable polymers are also referred to as bioabsorbable polymers. Both 
biodegradable and bioabsorbable polymers are biocompatible polymers that dissolve 
in the body after the healing process is complete. The difference is that 
biodegradable polymer by-products remain within the tissues long-term whereas 
bioabsorbable polymer by-products are either excreted or metabolised by the body.
Of all synthetic bioabsorbable polymers, aliphatic polyesters are considered to be the 
most important group due to their good biocompatibility, variable biodegradability 
and mechanical strength [14], Some common aliphatic polyesters are polyglycolide 
(PGA), polylactide (PLA) and poly e-caproiactone (PCL). These bioabsorbable 
polymers have been used for wound closure in the form of sutures and staples, for 
orthopaedic fixation devices such as pins and screws and as scaffolding materials for 
bone tissue engineering [14] however they are not without their drawbacks. 
Degradation products produced by PLA and PGA increase acid build up at the site of 
implantation which discourages OB activity and bone formation in turn leading to 
fibrous encapsulation of the implant [15], Osteogenic bioceramics such as the 
calcium phosphate, hydroxyapatite (HA) have been incorporated into PLA in an 
attempt to increase the biocompatibility of the polymer in order for bone to form on 




With HA accounting for 60% volume of the mineral phase of bone, calcium 
phosphate (CaP) bioceramics are natural choices as bone substitute materials and 
there has been extensive research into the use of HA and related CaPs as bone 
substitute and scaffolding materials [12][17]. CaP ceramics have enhanced 
osteointegrative and osteoconductive properties compared to metallic or polymeric 
materials [18], Osseointegration is the ability to form a bond with the host bone 
material directly without interposition of fibrous tissue whereas osteoconduction is 
the ability to support new bone growth and vascularisation [12][19], Some CaPs are 
also oseteoinductive [20] . Osteoinduction is where undifferentiated progenitor cells 
are recruited and stimulated to develop into preosteoblasts to induce osteogenesis.
CaP ceramics are either synthetic or natural in origin. Natural CaP materials are 
obtained from banked-bone or from naturally derived sea coral (coralline HA) [21]. 
Synthetic CaP materials can be divided into two groups based on their final synthesis 
route; aqueous precipitation and sintering. Many sintered ceramics are first produced 
by aqueous precipitation. CaP cements are produced by precipitation whereas most 
other CaP products are produced by sintering at high temperatures [21] [22]. CaP 
biomaterials have successfully been used in cranio-maxillofacial, orthopaedic and 
dental surgery [21], with (3-TCP, HA and biphasic calcium phosphates (BCP) the 
traditional materials of choice. A detailed comparison of CaP ceramics used in 
medicine can be found in Bohner (2000) [22].
Most bone graft substitutes available for clinical use are based on CaP materials 
however clinical results remain inferior to those seen with autograft and allograft as 
CaP materials are not osteoinductive [3]. Therefore development of modified CaPs 




This research was set up to investigate OC resorption of CaP biomaterials in vitro.
In vivo degradation of CaP ceramics occurs through a combination of cell mediated 
OC resorption and passive dissolution. In order to improve on the fundamental 
understanding of OC resorption of CaP in vitro a number of parameters must be 
considered; how does OC resorption occur, how can it be optimised and how can it 
be quantified in vitro?
OC attach to the implant surface and dissolve CaP through acid secretion and 
enzymatic action. When designing a new device for implantation, understanding the 
rate of resorption of the implant is a key factor. To be able to understand the rate of 
resorption, resorption at any given time must be quantified. This body of work will 
focus on quantifying OC resorption of CaP in vitro. OC resorption will be 
investigated through the development of an OC assay, optimised through a series of 
cell culture experiments and quantified through the assessment of various potential 
outcome measures in vitro. Outcome measures will be assessed for suitability as 
indicators of OC resorption in vitro and compared to current routine measures of 
resorption in a bid to provide an in vitro quantitative measure(s) of resorption that 
can be used in a variety of experimental conditions.
Hypothesis:
A simple, cost effective osteoclast resorption assay can be developed that will be 
more widely applicable to different ceramic materials and surfaces and enable 
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2 Literature review
2.1 Osteoclast biology and bone resorption
Osteoclastogenesis is the term used to describe the development of mature OC. It is 
a complex process not only involving the OC but participation by OB and various 
cellular molecules, including over 60 proteins involved in OC regulation pathways. 
It is important to understand the biology behind the process in order to be able to 
treat bone disease and reduce associated morbidity.
2.1.1 Osteoclast differentiation and activation
OC are derived from hematopoietic stem cells through the monocyte/macrophage 
lineage. Monocyte/macrophage progenitor, cells commit down the monocyte lineage 
where they differentiate into mononuclear OC. Mononuclear OC then fuse together 
to from the characteristic multinuclear OC [23], OC differentiation requires the 
presence of two essential membrane bound proteins; macrophage colony-stimulating 
factor (M-CSF) and receptor activator for activation of nuclear factor Kp-ligand 
(RANKL), produced by neighbouring OB and bone marrow stromal cells [24] [25], 
M-CSF, a hematopoietic growth factor, binds to the M-CSF receptor c-Fms on pre- 
OCs providing the signals required for their survival [26] whereas RANKL is 
responsible for the differentiation, fusion, activation and survival of OC [28], 
RANKL has two receptors; RANK, a membrane-bound receptor on pre-OCs and 
osteoprotegerin (OPG), a soluble factor produced by OB and bone marrow stromal 
cells [23], Upregulation of RANK promotes osteoclastogenesis whereas
1 A progenitor cell, similar to a stem cell, has the tendency to differentiate into a specific type of cell, 
but is already more specific than a stem cell and is committed to differentiate into a particular cell 
lineage
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upregulation of OPG inhibits osteoclastogenesis. OPG is known as a ‘decoy’ 
receptor for RANKL [27], blocking the binding of RANKL to RANK, thus the 
RANK/RANKL/OPG system is deemed the central regulator for OC differentiation 
[28],
2.1.2 Osteoclast cytoskeleton and attachment to bone
Before OC can perform their resorptive function they must first attach themselves to 
the bone matrix. An OC membrane protein, namely the avp3 integrin, binds to 
arginine-glycine-aspartic acid (RGD) sequences on bone matrix proteins 
(osteopontin and bone sialoprotein) [29] to form a seal between bone and the plasma 
membrane of the cell. Once attached, OC become polarised in an apico-basal 
direction and form the characteristic ruffled plasma membrane (ruffled border) and 
an actin-rich clear zone [4] (Figure 2.1). The ruffled border is made up of many 
filopodia (finger-like projections) ~2-3pm in length and 150nm in diameter, which 
have been shown to penetrate the bone matrix to a depth of ~lpm [30], The clear 
zone is a specialised adhesion structure located within the cytoplasm of the OC. 
Within the clear zone there is an actin cytoskeleton, containing two organisational 
forms of F-actin; the actin ring (also known as a sealing zone) and a podosome belt. 
An actin ring is a continuous band of F-actin whereas a podosome belt is made up of 
multiple columns of F-actin [31].
The organisation of the cytoskeleton varies during the resorption cycle. Vaananen 
and Horton (1995), have shown the formation of three distinct organisations of F- 
actin as OC activity changes from non-resorbing to resorbing [32], Leading up to 
resorption, podosomal F-actin is distributed at the periphery of the clear zone 
forming clusters of dot-like structures. Closer to the main resorptive event the 
podosomes coalesce at the ‘chosen’ resorption site. When resorption begins the dot-
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Figure 2.1: Characteristic features of an osteoclast (modified from |34|). The apex (blue), 
basolateral membrane (green), ruffled border (red), actin-rich clear zone (brown) and transcytotic 
vesicles (purple) are all characteristic features of the OC.
The unique function of both the podosome and the actin ring is highlighted in [31]. 
Podosome belts formed only on spread OC adhered to non-mineralised substrates 
whereas actin ring bands formed only when OC became polarised once adhered to 
mineralised substrates [31], Their results suggested that; 1) OC have an alternating 
stationary resorptive phase with the presence of a sealing zone and a non-resorptive 
migratory phase in the absence of any specific actin structure, 2) the presence of 
apatite substrate promotes actin ring formation and 3) podosomes do not fuse 
together to form an actin ring [31]. Although the actin ring consists of structural 
units related to individual podosomes it is not the same as a podosome belt [35]. An
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actin ring is a dense band of highly interconnected actin filaments of ~4|im diameter 
whereas a podosome belt consists of dense areas of actin filaments -Ipm diameter 
but these areas are less interconnected [36],
2.1.3 Osteoclast resorption
Resorption of bone matrix is associated with OC polarisation and actin ring 
formation prior to acid efflux. Once polarised the OC forms a highly convoluted 
ruffled border which in turn forms an isolated extracellular compartment, where net 
acid-transport and subsequent bone matrix degradation occur [27]. Osteoclasts 
resorb bone via two degradative mechanisms; 1) secretion of acid to dissolve the 
inorganic phase and 2) secretion of proteolytic enzymes to break down the organic 
matrix [37], with dissolution of the inorganic phase preceding bone matrix 
degradation [27].
2.1.3.1 Acid secretion
In 1816, John Howship (Howship’s Lacunae) described the importance of a cellular 
component for the removal of bone and he indentified roughened bone regions as 
being resorbed [38], In 1951, Cretin used histochemical staining to show that the 
osteoclastic resorption site was acidic in nature and that osteoblast attachment 
regions were alkaline [38], By the 1980s, with these findings and other physiological 
and histochemical evidence [39][40][41][42], net acid transport was recognised as an 
integral mechanism of bone catabolism [38]. Two models were hypothesised for the 
acid-bone degradation mechanism; the first hypothesised that citrate (weak acid) 
solubilised bone mineral via calcium (Ca2+) chelation (removal of Ca2+) at bone
18
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resorption sites whereas the second proposed a transmembrane proton transport 
model [38], The second model displaced the first based on experimental evidence 
and is now the accepted model of osteoclast acid secretion (Figure 2.2) [15][43],
Acid secretion into the extracellular compartment requires vast amounts of energy in 
order to dissolve bone mineral and catalyse uptake of Ca and phosphate (P) into the 
cell. Mitochondria (biological energy stores) are in abundance within the OC and 
provide energy required for mass acid transport. Glucose within the mitochondria is 
converted to adenosine triphosphate (ATP) which is used in the proton-adenosine 
triphosphatase (FT-ATPase) transmembrane pump that transports protons (H+) across 
the ruffled membrane [44]. The H+-ATPase pump only transports FT therefore, to 
balance charge, there are chloride (CF) channels located within the ruffled 
border[45]. Successive release of CF ions into the extracellular compartment forms 
hydrochloric acid (HC1), which dissolves the bone mineral and releases Ca2* into the 
extracellular compartment. In order for OC to maintain a stable intracellular pH (pH 
~4.5) [46] there is a passive chloride-bicarbonate (C17HC03") exchange in the basal 
membrane to balance the acidic nature of the H+-ATPase pump [47], Carbon dioxide 
(CO2), produced from the oxidation of glucose, interacts with water to produce 
carbonic acid (H2CO3) (Equation 2.1). Carbonic anhydrase II is responsible for 
maintaining balance of this reversible equation [48]. H+ produced is used in the H+" 
ATPase pump whereas the bicarbonate ion (HC03') is used within the C17HC03' 
exchange [45],
C02 +H20 OH2CO3 <>H+ +HC03 Equation 2.1
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CLUT2
HCI dissolves mineral
Figure 2.2: Osteoclast acid-ion-transport mechanisms [45]. Acid released into the extracellular
compartment is coupled with chloride release to maintain intracellular pH.
2.1.3.2 Enzymatic secretion and endocytosis
Once acidic dissolution of the inorganic bone mineral has occurred the remaining 
organic component (mainly collagen) is degraded by a proteolytic enzyme, cathepsin 
K, finally forming the characteristic resorption lacunae (‘pit’) [49][18]. It has also 
been suggested that the metalloproteinase (MMP), collagenase, may play a role in 
the dissolution of organic matrix [50][51]. A collagenous gel, endocytosed2 by the 
OC, is responsible for controlling secreted and resorbed products from accumulating
2 Endocytose: The engulfment of products from outside a cell membrane.
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beneath the cell [52]. The collagenous gel acts like a filter system limiting the 
diffusion of products as opposed to a static impermeable barrier, previously 
suggested by researchers that would either allow solutes in or out. The authors 
hypothesised that his type of sealing zone may in fact allow the OC to both migrate 
and resorb at the same time [52], This seems to contradict previously cited results 
where OC have an alternating stationary resorptive phase with a non-resorptive 
migratory phase [31][53].
After enzymatic degradation, OC then endocytose the bone degradation products 
(Ca2* and degraded collagen) using small intracellular vesicles, which are then 
transported to the apical cell surface membrane and released into the extracellular 
space [54][55].
2.1.4 In vitro Mode! systems for osteoclast resorption
To date there have been many developments with respect to in vitro OC resorption 
assays [37][6][56]. Previous OC models for in vitro testing involved; the isolation of 
OC from animal bone [39][40][42][57][58], animal [59,60] and human bone marrow 
[61][62] and giant cell tumour tissue [63][64] or by the differentiation of 
mononuclear cells from human peripheral blood [61][65][43],
Primary OC are mature OC isolated from bone and do not require differentiation 
whereas differentiated OC are derived from pre-OCs, present within the bone 
marrow or peripheral blood, that require differentiation through the addition of M- 
CSF and RANK.L to the culture medium or by co-culturing with OB (which provide 
M-CSF and RANKL).
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Primary osteoclast cultures
Using feline bone marrow cells, Testa et. al (1981) were among the first researchers 
able to generate OC in vitro. Not only did they generate OC but they were able to 
maintain cultures for up to 18 weeks. Multinucleated cells with diameter ~300pm 
were present from 1-2 weeks [59], OC isolated from both neonatal [58] and laying 
chickens [39] have been shown to survive in culture for 10 days and three weeks 
respectively. These studies all demonstrated that OC were able to be maintained in 
culture without losing their characteristic morphological traits such as; the presence 
of a ruffled border and a multinucleated cytoplasm with large numbers of 
mitochondria.
Using OC derived from neonatal rabbit bones, Chambers et. al (1984) were the first 
to study the resorptive activity of isolated OC on human cortical bone [40], OC were 
shown to resorb bone after 24h, with pit depth ranging from ~3-5pm and the surface 
area resorbed ranging from ~400-1400pm [40], Large variations in surface area 
were attributed to differing pit morphologies; circular (usually deeper, with a small 
surface area), elongated (shallower with a larger surface area) and irregular (complex 
shapes, usually shallow with a large surface area) [40], Adopting the previous 
technique [40], Jones et. al (1984) reported little difference in resorptive activity 
between species (rabbit, rat and chicken) [66], highlighting the potential of animal 
models for the quantification of OC resorption in vitro. However, there are 
associated drawbacks with such systems. Obtaining OC from bone marrow is 
difficult as OC are embedded within the bone matrix and are hard to isolate, they are 
also very fragile when isolated and can be difficult to culture [56], Furthermore, as 
mature OC account for ~1% of cells associated with bone and bone marrow [67] it is 
extremely difficult to isolate enough cells [37].
22
Chapter Two Literature review
RANKL-mediated osteoclast formation
Identification of RANKL [68] has helped combat the associated problems with 
isolated OC cultures and allowed for the reliable production of mature OC i.e. 
differentiated OC from primary bone marrow or circulating precursor cells [56], 
RANKL-mediated OC generation model is now routinely used to culture OC in vitro 
[56].
Development of a pre-OC cell line derived from murine macrophage cells (RAW 
264.7) [69] has now made it possible to study OC resorption more readily. RAW 
264.7 cells were established from the tumour of a male mouse which was induced by 
the injection of Abelson leukaemia virus [69] and similarly to primary cells, it uses 
RANKL to mediate the differentiation of pre-OC into mature OCs [70], The RAW 
264.7 cell line has proven to be a suitable model for the generation of mature OC 
[71 ][72][73][74][75][76][77] having many associated advantages, including; 1) the 
availability of cell-lines, 2) the homogenous nature of pre-OC to produce OC only. 3) 
with the use of RANKL, a large number of mature OC are generated within days 
[56] and 4) RAW 264.7 cells do not require the use of M-CSF to induce 
differentiation [72],
2.2 Properties of calcium phosphate bone substitute materials
To address the requirements of structurally impaired bone, through disease or 
fracture, one must consider the properties of healthy functional bone. As discussed 
previously bone is a dynamic tissue that has important functions beyond structural 
support. However, the initial integrity of a bone substitute material is strongly 
influenced by its ability to function under mechanical load. Table 2.1 highlights how
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structural variation within bone leads to considerable variation in mechanical 
properties [5], Orthopaedic bone substitutes must therefore meet the mechanical 
requirements of bone, which vary with anatomical location.











Cortical bone 130-193 50-150 12-18 x HT [5][17]
Cancellous bone 3-12 - 100-500 [5] [17]
TCP (dense) 120 - - [78]
HA (0.1-3% 350-450 38-48 7-13 [78]
porosity)
The properties of CaP ceramics differ significantly with composition, crystallinity, 
grain size and porosity [17], However CaPs, regardless of form (powder, bulk, 
porous or coating) or phase (amorphous or crystalline) have been shown to support 
the attachment, differentiation and proliferation of bone cells in vitro [64][79][80] 
and in v/vo[17][81][82][83]. It is this inherent biocompatibility of CaPs that make 
them a material of choice for bone substitute materials.
The application of a particular CaP is determined by the overall degradation rate of 
the material which is in turn determined by the same factors used to characterise the 
material; chemical composition, microstructure and solubility. The two most widely 
used phases of CaP ceramics are HA and P-TCP which have Ca/P ratio of 1.67 and 
1.5 respectively [78]. In bone the ratio of calcium to phosphorus (Ca/P ratio) is 
-1.67 [78]. For synthetic CaPs a lower Ca/P ratio produces a more acidic material 
that solubilises more readily in water and thus degrades faster in vivo however 
materials with a Ca/P ratio less than 1 are considered unsuitable due to their high
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solubility and acidity [84], At physiological pH (pH 7.0) degradation of synthetic 
CaPs is in the order; monocalcium phosphate (MCPM) > a-TCP > Dicalcium 
phosphate dihydrate (DCPD) > Dicalcium Phosphate (DCP) > Octocalcium 
phosphate (OCP) > p-TCP > HA, with HA exhibiting the slowest degradation [22] 
[17], Table 2.2 summarises the main biologically relevant CaP materials and their 
respective Ca/P ratios.
Table 2.2: Calcium phosphate compounds [22][21].
Name Abbreviation Formula Ca/P
Dicalcium phosphate (monetite) DCP CaHP04 1.00
Dicalcium phosphate dihydrate 
(brushite)
DCPD CaHP04.2H20 1.00
Octacalcium phosphate OCP Ca8(PO4)4(HPO4)2.5H20 1.33
Tricalcium phosphate TCP Ca3(P04)2 1.5
Hydroxyapatite HA Ca,0(PO4)6.(OH)2 1.67
Appropriate material selection can also be made on the basis of material degradation 
rate relative to the site of implantation. Head and mandible resorption occurs at a 
faster rate than most other skeletal bones [85][86] with craniomaxillofacial 
applications requiring relatively fast degrading materials compared to spinal 
applications which require slower degrading materials that retain their mechanical 
integrity.
Resorbable bone substitutes for biomedical applications should have a porous 
structure to optimise bone-biomaterial integration. Introducing porosity into a bone 
substitute increases the surface area available to bond with the host bone and allows 
infiltration of blood and cells into the implant site. Porous bone substitute materials
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are termed scaffolds, with a structure strong enough to support and protect the local 
environment but one that permits entry to stimuli required to modify the existing 
structure. Microporosity (pore diameter <10pm) determines the resorbability of the 
porous scaffold [81] and is defined by the impregnation of the scaffold by biological 
fluids [87] whereas macroporosity (pore diameter > 100pm) determines the degree of 
integration of the scaffold with the host bone [19], The ‘optimal’ macroporosity for 
bone ingrowth is in the range of 100-600pm [88][89][90]. But these figures are 
controversial as experimental results for the determination of an optimum macropore 
size differ widely and are often contradictory for both implant resorption and bone 
ingrowth [83][88] [91] [92]. Macroporosity has been given priority when trying to 
improve CaP scaffold osteointegration in vivo however recent research has indicated 
that the presence of microporosity may have the ability to improve osteointegration. 
Osteocytes can embed within the micropores and have the potential to form a 
mechanosensory network within the scaffold. This network may improve 
mechanical properties of the scaffold and overall scaffold performance [90][93][94],
2.3 Resorption activity on calcium phosphate bone substitute materials
When designing a CaP implant for bone repair, material selection should be chosen 
on the basis of degradation or remodelling rate; for example, P-TCP has a fast 
degradation and HA is slowly remodelled [95], Other determining factors when 
considering the suitability of a material as a bone substitute material are the size and 
location of the defect [95]. Studying the mechanism by which OC degrade CaP 
ceramics can also provide insight into the suitability of various candidate ceramics 
for use as bone substitute materials. Comparisons made between individual ceramics 
on the extent and rate of degradation by OC provides important data for the design or
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modification of bone substitute materials however, data obtained from in vitro 
studies has often been contradictory; with some authors observing OC resorption of 
HA [64] [95] and others not [96].
The traditional in vitro method used to assess resorbability of bone substitutes is a 
cell-based resorption assay, alternatively known as a ‘pit’ assay, developed by Boyde 
[57] and Chambers [40] in 1984. The initial assay was developed using dentine and 
bone respectively [57] [40], but is now routinely used to understand biomaterial 
resorption. OCs are cultured on the bone substitute surfaces for specific periods and 
are then detached, at which point the excavated areas (pits) beneath the cells can be 
analysed by scanning electron microscopy (SEM). This has led to elucidation of 
several material properties that can affect OC-mediated resorption of ceramic 
surfaces.
2.3.1 Factors affecting resorption
2.3.1.1 Ceramic material parameters
Composition and solubility
Material composition and solubility are inter-related with respect to CaP degradation 
dynamics. Even small differences in the composition of CaP bone substitutes can 
have a large effect in vivo [22] with the subsequent changes in phase composition 
directly affecting the cell-ceramic ionic exchange dynamics [21 ][96][97],
A BCP with HA to (3-TCP ratio 60/40 has been used for clinical application; a 
compromise between solubility and mechanical strength [98]. Yamada et al. (1997) 
used OCs isolated from neonatal rabbit bone to study the effect of different HA/p-
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TCP ratios on the resorptive behaviour of OC [96]. The materials studied were pure 
[3-TCP, pure HA and two types of BCP with HA to [3-TCP ratios of 25/75 and 75/25 
respectively. After 2 days in culture there was no apparent difference in size or 
appearance of the cells on either material however there were noticeable differences 
in resorptive activity. On pure P-TCP resorption was intermittent; on BCP 25/75 
resorption was more continuous than that of pure P-TCP. Both BCP 75/25 and pure 
HA showed no resorption [96]. These results suggested that OC resorbed the 
materials differently depending on phase composition. Although there is some 
correlation of resorption with solubility of the ceramics the trend observed was not 
linear with increasing solubility. BCP 25/75 was the most extensively resorbed 
material yet it is less soluble in acidic solution than pure P-TCP. Yamada et al. 
(1997) concluded that OC preferred the BCP surface, perhaps allowing the OC to 
resorb in a manner similar to their behaviour on natural bone [96],
Similarly, Monchau et al. (2002) conducted an in vitro study investigating the 
resorptive activity of OC on HA, P-TCP and calcium carbonate ceramics [64], On 
HA the excavated areas were extended and reached an average diameter of ~86pm, 
with P-TCP the excavated areas were deeper but had a slightly smaller average 
diameter of ~61pm however the lacunae were numerous and had well-defined 
boundaries. For calcite, the degraded areas were strongly extended and very 
superficial with an average diameter of ~97pm [64]. OC were isolated from a human 
giant cell tumour and a new-born rat; the degraded areas showed comparable 
resorptive behaviour for rat and human OC on all three materials. This study 
highlights how less soluble materials such as HA undergo superficial attack from OC 
whereas the more soluble P-TCP is resorbed to a greater extent with continuous 
resorption trails of significant depth [64],
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These studies show that OC can resorb CaP ceramics but that the extent of resorption 
is dependent upon the composition and inherent solubility of the ceramic. Generally, 
a more soluble material displays a higher resorptive capacity to a less soluble 
material. However pure P-TCP, which is more soluble than a BCP of P-TCP and 
HA, may be too soluble for OC activity and result in a reduction in resorption. 
Altering the CaP ratio may therefore provide a simple but effective way to control 
OC resorption and subsequent bone formation in vivo.
Presence of metal ions
Bone mineral contains many trace elements all of which play an important role in the 
biological processes associated with bone growth and turnover [21][99], It has been 
shown that addition of Magnesium (Mg2+) [78], strontium (Sr2+) [73][99], copper 
(Cu2+), zinc (Zn2+), fluoride (F‘), carbonate (CO32 ) [99] silicon (Si) [100][101] and 
cobalt (Co2+) [102] ions to CaP has a significant effect on OC resorption in vitro. 
Based on an increase in ion concentration the effects on OC resorption in vitro are 
either; negative/inhibitory (Sr2 [73], Cir+, Zn2 F", CO32" [99]) or 
positive/stimulatory (Mg2* [78], Si [100], Co2* [102], ). The main routes for ion 
incorporation into CaP ceramics is either ion substitution (CaP contains the ions) or 
ion coating (CaP surface is coated with ions).
Strontium Ranelate (trade name, Protelos), a combination of strontium and ranelic 
acid, is the current drug used to treat osteoporosis [103]. Strontium Ranelate 
stimulates OB activity whilst inhibiting OC activity, thus promoting net-bone 
formation. Based on this finding, a Sr^-substituted bioglass (BG) (0%, 10%, 50% 
and 100% Ca2* content substituted by Sr2+) was produced to develop a bone 
substitute material that could both promote bone formation and reduce bone 
resorption [73]. RAW 264.7 cells were cultured for 6 days on Biocoat Osteologic
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CaP coated slides with a conditioned culture medium containing dissolution ions 
from the Sr"-substituted BGs. Cultures that received dissolution ions from 10%, 
50% or 100% Sr2+-substituted BG displayed significantly less TRAP activity 
compared to control cultures (0% Sr2T-substitution) and resorption pit area decreased 
with increasing Sr2*-substitution [73], The mechanism by which Sr2* inhibits OC 
resorption has not been defined but it may be that Sr2* inhibits OC differentiation, 
disrupts cytoskeletal stability or prevents the resorptive activity of mature OC [73], 
OC generated from the Saos-2, human osteosarcoma cell line, were cultured on 
tissue culture plastic in the presence of dissolution ions from Sr2*-substituted BG. 
OC displayed flattened non-resorbing morphologies.When Saos 2 OC were placed 
on the Sr2'-substituted BG typical OC apico-basal polarisation of the cell was 
observed. This suggests that OC polarisation is substrate specific [31].
Primary rabbit OC were used to investigate the effects of Sr+ , Cu"+, Zn~ F and 
CO3'’ incorporation into CaP on resorption in vitro [99]. The ions were incorporated 
into CaP films and cultured for 40 h. There was a significant decrease in the number 
of resorption pits formed for all additive films as compared to control films without 
additives [99], The inhibitory effect was concentration dependent, with increasing 
additive concentration decreasing resorption pit formation [99], The addition of 
trace elements did affect resorptive activity but did not affect the attachment of cells 
as no significant difference was found for the total number of OC between groups 
[73][99]. The effects may have been a result of either: 1) the incorporated additives 
present within or on the surface of the film may have directly affected cell response 
and 2) additive incorporation may have changed the physiochemical properties of the 
CaP film, having an indirect effect on cell response [99],
Primary rat OC were cultured in vitro, on Si2f-substituted microporous HA (Si- 
mHA) thin films sintered between 800-1000°C. Pellets of Si-mHA. and BCPs
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(HA:p-TCP) were also tested [100], A cell-free in vitro dissolution experiment 
(measuring Ca" release) was also conducted on Si-mHA, mHA, (3-TCP, a-TCP and 
commercial HA (cHA) pellets. An increase in % Si-TCP content increased 
resorption for Si-mHA films. Only samples sintered at 1000°C showed significant 
levels of resorption indicating that surface morphology influenced resorption. Si- 
mHA pellets exhibited resorption whereas mHA and BCP pellets (predominately |3- 
TCP) did not. The dissolution tests also showed P-TCP pellets to have the least Ca2" 
release as compared to Si-mHA, mHA, cHA and a-TCP pellets [100], Based on the 
solubility of HA and P-TCP the opposite effect should have been observed with P- 
TCP dissolution and subsequent resorption preceding that of apatite containing 
compounds [104] . Perhaps the apatite samples may not have been highly 
crystalline, containing an amorphous phase - therefore increasing the solubility of 
the apatite samples [104].
A bulk Si-mHA was implanted into male rats in vivo [100]. In vivo results showed 
evidence of remodelling of the Si-mHA implant after 6 weeks with migration of new 
bone tissue into the microporous structure of the implant and the presence of active 
OC at the bone-implant interface [100], As there are no quantitative results for Si'" 
release in vivo it cannot be assumed that the presence of Si within the implant 
influenced OC recruitment and activity in vivo nor is there a control material to 
compare in vivo OC response. TRAP staining was carried out on in vitro cultures 
[100] however OC number is not reported therefore it cannot be determined if 
material composition or microstructure affected the initial attachment of the OC and 
subsequent resorptive profiles.
The benefits of incorporation of metal ions into CaP and their mechanism of action is 
controversial. Is it due to: a) the direct incorporation of the ions into the CaP, b) the 
indirect incorporation of ions into the CaP (changing physiochemical material
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parameters such as density, solubility, grain size, pore size) or c) a combination of 
both factors? [104], Some suggest that Si2+‘substituted CaPs have a “superior 
biological performance to stoichiometric counterparts” [101]. But others point to the 
fact that there is no experimental evidence that Si ions are released from Si- 
substituted calcium phosphates at therapeutic concentrations and remain sceptical of 
the benefits of ion substitution [104],
In more recent studies, an attempt has been made to quantify the release of Co2+ ions 
in culture medium from a Co2+-substituted CaP [102], Murine bone marrow OC 
were cultured on CaP coated tissue culture plates containing a range of Co2" 
concentrations (0.1-20|.un). An increase in OC differentiation and activity relative to 
Co2’ free control groups was observed. Initial formation of OC was influenced by 
lower levels (0.1-1pm) of Co2+ incorporation, OC activity levels peaked within a 
range of 5-20pm and resorption occurred between 0.1-5pm [102],
The cell culture used in this study consisted of primary cells, presumably of differing 
stages of maturation. This heterogeneity has been proposed as a plausible reason for: 
1) OC resorption occurring over a wider range of concentrations compared to the 
lower concentration that favoured OC formation and 2) why OC activity did not 
correlate with OC formation across the various concentrations [102] i.e. cells at 
different stages of maturation will display different activities. Regardless of the lack 
of correlation between OC formation, activity and resorption OC directly responded 
to Co2+.
Several review articles have extensively reported the biological response to ion- 
substituted CaPs [78][105][106][ 107], The mechanism as to how the addition of 
trace elements affects the cellular response requires much more attention. Despite 
the controversy, ion-substituted materials could provide suitable modification for the
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control of bone formation and resorption in vivo however an improved in vitro assay 
is required to understand more clearly how they are resorbed..
2.3.1.2 Culture media variants
Addition of metal ions
Similar to incorporation/coating of ions to CaP materials, OC resorptive activity can 
be inhibited or stimulated by the addition of ions to culture medium. An 
investigation on the effects of a Zn2+ supplemented TCP ceramic against a zinc 
containing TCP (ZnTCP) was conducted in vitro [108]. Isolated OC from rabbit 
bones were cultured on the substrates for 6 and 24 hr [108], An increase in Zn'+(0.3, 
1.3 and 6.8ppm) to culture medium had a significant increase in the ratio of apoptosis 
at 6 and 24 hr with a subsequent decrease in actin ring formation (denoting a 
reduction in OC resorptive activity). ZnTCP, formulated to release comparable Zn2+ 
levels inside the resorption lacunae, did not influence OC apoptosis or actin ring 
fonnation [108], The presence of Zn~" only had an effect on OC activity when ions 
were added to the surrounding media. No effect was observed when Zn2+ was inside 
the resorption lacunae [108], These effects are explained by the presence of a plasma 
membrane zinc transporter (Z1P1). High Zn~ concentrations outside the resorption 
lacunae (in the surrounding medium) can be taken up by ZIP1 on the basal 
membrane of the ceil and also at the sealing zone subsequently inhibiting OC activity 
and inducing apoptosis. This is in contrast to high Zn2t concentrations within the 
resorption lacunae, here they cannot be taken up by ZIP1 and permeate out of the OC 
without affecting resorptive activity . However OC activity was measured by the 
formation of actin rings, and in the author’s experience actin ring formation is 
indicative of OC resorptive activity but does not correlate with resorption. Therefore 
it would have been preferable to have included resorption pit formation as an
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outcome measure in order to be able to correctly gauge the extent of OC resorptive 
activity on addition of increasing Zn~" concentration within the culture medium.
In contrast and as previously discussed, Co2+ addition to culture medium was shown 
to increase resorptive activity [102]. Therefore, OC response to metal-ion addition to 
culture medium appears to be element specific. This may be related to the specificity 
of OC membrane ion channels to particular ions or indeed the selectivity of OC to 
the uptake of released substrate products within the extracellular compartment. 
Experiments of this type provide evidence of the effects of individual ions at a range 
of concentrations however it is difficult to relate this to the in vivo environment 
where the local concentration of elements can change with systemic changes and 
thus is not a static situation.
Extracellular calcium concentrations
An increase in extracellular calcium (ECa2+) has been shown to reduce OC 
podosome formation [109] and increase intracellular calcium (Ca2^) [110]. Both 
effects reduce the resorptive capacity of the OC. It has also been observed that an 
increase in H+ concentration reduces Ca”", and subsequently increases OC resorption
[111] , These findings suggest that cytosolic Ca2 acts as a second messenger, 
indirectly controlling OC resorption. When OC attach to bone, the sealing zone 
forms an isolated micro-environment where bone resorption takes place. As the bone 
mineral dissolves, the Ca2" concentration within the microenvironment can increase 
from 8- 40 mmol/L (320 - 1600 mg/L) [46], This local increase in Ca'* 
concentration increases Ca2+, promoting margin retraction and OC cell dehesion
[112] from bone, ceasing resorption. Once the OC detaches from bone the cytoplasm 
is continuous with the surrounding extracellular environment where the accumulated 
by-products of resorption can then be released. This sequence of events highlights
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how an increase in ECa2+, produced during active resorption, creates a negative 
feedback loop to prevent further resorption (See Figure 2.3).
Inevitably with CaP materials, ECa2+ values will vary relative to ceramic solubility. 
In vitro studies show that the higher surface dissolution of TCP ceramics compared 
to HA cause an increased Ca2" concentration within culture media, inhibiting OC 
migration [95],
|H+ -> jCa; -->■ tresorption
1
J,resorption <-- |Hf -- TCa, +-- |ECa2+
Figure 2.3: A simplified schematic diagram outlining the H+/Ca2+/resorption negative feedback 
loop. ECa2+ created by the resorption process inhibits further resorption.
Therefore highly soluble CaP ceramics could be unsuitable for natural OC resorptive 
activity as a high Ca2^ concentration generated within the localised compartment of 
the attachment site inhibits natural resorptive behaviour [64][95][96]. Non-active 
OC detach from bone and go through a migratory phase. Intermittent surface 
resorption on highly soluble (3-TCP has been reported [96]; the cells actively 
resorbed for a short time before being inhibited where they then detached and 
migrated before resuming resorptive activity. These findings show the inter­
relationship between material composition, solubility and OC resorption. The 
solubility of a particular CaP determines OC activity and subsequent material 
resorption hence; solubility may prove to be a critical determining factor when
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designing a resorbable CaP bone substitute material. A particular CaP ceramic may 
have a more viable solubility profile for OC resorption compared to another.
There have been many suggestions for the mechanism of calcium regulation within 
and surrounding the OC microenvironment. Voltage-gated calcium channels located 
within the OC plasma membrane have been shown to regulate resorption; an increase 
in ECa'' from 2-4mM reduced resorption by 50% [113], Calcium-Sensing 
Receptors (CaSR) on the surface of OC have also been shown to regulate OC 
resorptive activity through interaction with ECa‘+ [114], One of the most debated 
issues is the route of disposal of Ca:+ from the resorptive site. The main mechanisms 
described are; 1) bulk transcytosis [115], involving Ca2+ release from OC via 
vesicular transport and 2) continuous disposal [116], involving intracellular Ca:+ 
channels and membrane pumps [117].
OC mitochondria may also be a carrier of Ca2" within the OC. In general, the 
concentration of Ca~4 within the cell cytoplasm is ~1(T' M and markedly higher in 
the mitochondrial matrix at ~10’M [118]. An in vitro study examined the 
relationship between Ca~ accumulation in OC mitochondria and bone resorption. 
Murine bone marrow cells were used to generate OC in vitro and were cultured on 
dentine for 24h. Electron Energy Loss Spectroscopy (EELS) was used to examine 
the localisation of Ca" within OC mitochondria [118]. It was observed that OC 
mitochondria close to the ruffled border of the attachment zone were rich in 
mitochondrial granules and contained a high Ca2 concentration whereas 
mitochondria in the basolateral region contained few granules [118], The 
identification of high concentrations of Ca2+ within mitochondrial granules close to 
the site of resorption implies that there is a relationship between OC mitochondria 
and Ca2' transport and release during resorption of bone matrix [118], It is believed
36
Chapter Two Literature review
that Ca2+ accumulation in mitochondrial granules helps prevent a build up of Ca~+ in 
the cytoplasm of resorbing OC [118], preventing inhibition of resorptive activity 
[64][95]. This may help to explain how OC can still perform their resorptive 
function, up to a critical point, in relatively high Ca~’ environments in the presence 
of degrading CaP materials.
pH of culture medium
Osteoclasts are known to be pH sensitive and have an intracellular pH of ~4.5 [45]. 
As previously discussed, protons (H+) are transported across the ruffled membrane 
into the extracellular compartment to degrade bone mineral [45], An in vitro 
experiment using rat osteoclasts tested the stimulatory effect of protons on osteoclast 
resorption [119], The study revealed a positive, dose-dependent effect of 
extracellular protons on resorption of bone slices, a 14-fold increase in resorption 
was observed with a change in pH from 7.4-6.8 [119]. The experiment was carried 
out in the absence of bicarbonate and carbon dioxide, normally found in culture 
medium, to ensure the main independent variable was the hydrogen ion 
concentration.
Further emphasis on the pH sensitivity of osteoclasts is illustrated by Arnett and 
Spowage (1996) who used a HCOs’/CCT buffered medium, to simulate the 
physiological buffering system found within osteoclasts [120], Results from the rat 
osteoclast study showed that the sensitivity of rat osteoclasts to pH was within a 
more limited range. At pH 7.3 or above, little or no bone resorption was observed 
but at pH 7.0 osteoclasts exhibited near maximal resorptive activity. Between pH 
7.15 -7.25 there was a 6-fold increase in the number of resorption pits formed [120], 
Thus, as little as 0.1 unit of pH produced a large difference in resorptive activity,
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demonstrating the sensitivity of osteoclasts to changes in pH (analogous to an “on/off 
switch”) [120].
2.3.2 Resorption or Phagocytosis?
In vivo degradation of CaP ceramics occurs through a combination of cell-mediated 
OC resorption and passive dissolution. With regards to cell-mediated degradation, 
there has been speculation about the resorptive capacity of OC and the relation to 
phagocytosis. Many believe that OC primarily degrade ceramic surfaces through 
resorption [97] but others feel that phagocytosis may have a larger role to play than 
previously thought [personal communication with Prof. Willy Hofstetter (Osteoclast 
biologist, Bern University, Switzerland)]. Since OC are derived from a monocytic 
macrophage lineage it is not unreasonable to think that OC may degrade ceramic 
surfaces through phagocytic mechanisms and that other macrophage cells may 
contribute to ceramic degradation by phagocytosis. The debate that presently stands 
is if OC do phagocytose the ceramic particles does this eliminate the role of 
resorption as an OC degradation mechanism? [97]. Or is ceramic degradation a result 
of a combined cellular effect, with OC primarily degrading by resorption and 
macrophage cells degrading by phagocytosis? Or can OC simultaneously resorb and 
phagocytose ceramic surfaces?
An in vitro degradation study of a BCP, (40:60 weight % of HA and P-TCP 
respectively) using OCs derived from neonatal rabbit bone cells showed degradation 
to occur via simultaneous resorption and phagocytosis mechanisms [121], Whilst 
resorbing the surface of the CaP the OC cell cytoplasm starts to close around groups 
of degraded CaP particles eventually closing to form a vesicle containing the 
degraded CaP particles. Once inside the OC, the vesicle plasma membrane 
disappears releasing the phagocytosed crystals into the cell cytoplasm. CaP particles
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were then shown to undergo in situ fragmentation and dissolution within the cell 
[121 ]. A 6 week in vivo study of HA degradation by OC in sheep also showed OC- 
mediated degradation of CaP ceramics to occur by simultaneous resorption and 
phagocytosis [97]. Similar to Heymann et al. (2001), Wenisch et al. (2003) reported 
OC to simultaneously phagocytose the resorbed CaP particles into large intracellular 
vesicles; through large extensions of the cytoplasmic membrane [97], However, 
Wenisch et al. (2003) observed that particle phagocytosis could also occur when the 
ruffled border formed deep invaginations into the cell cytoplasm, a mechanism not 
described by Heymann et al (2001) [97], but one that ultimately formed intracellular 
vesicles containing degraded CaP particles followed by subsequent particle 
fragmentation.
In addition to phagocytosing inorganic ceramic material, OC have been shown to 
phagocytose both polymeric and metallic biomateria! particles of various sizes [63], 
Human OC from giant cell tumours of bone and rat OC from long bones were 
cultured on cortical bone slices in the presence of latex, polymethylmethacrylate 
(PMMA) and titanium. After 3days, both rat and human OC exhibited resorption of 
the cortical bone slices and phagocytosis of biomaterial particles in all cultures, 
whilst maintaining OC phenotype [122].
The effects observed by these studies are not surprising and are in-keeping with the 
acidic nature of the OC and the vacuolar transport system that allows bone 
degradation products to be packaged into small intracellular vesicles and transported 
to the cell surface membrane to be released [45]. However, these studies have 
confirmed that phagocytosis does not abolish the resorptive activity of the OC and 
that both degradation mechanisms can occur simultaneously without negative effect 
allowing the OC to remain fully functional.
39
Chapter Two Literature review
In summary of the literature above there are many factors to consider when designing 
a resorbable CaP bone substitute material. These include mechanical properties, 
material composition and solubility, osteoconductivity and rate of resorption. For 
instance, a highly soluble material would inhibit material resorption and have poor 
mechanical properties. A BCP composite can be used to counteract this by 
incorporating a less soluble material with a more soluble material to retain strength 
but have a moderate solubility profile and therefore better resorption. There is also 
the option to coat or incorporate metal ions into CaP bone substitute materials to 
promote cell attachment and proliferation. Other factors affecting resorption will be 
discussed later in the thesis and will include the effects of surrounding pH and 
material surface roughness.
2.4 Conclusion and current situation
Variations in cell culture protocols also contribute complexity to the problem. There 
is no standard routine assay used within OC cell culture labs to assess resorption i.e. 
there are variations in the type of media and additives used, the length of time 
particular OC cell types are cultured on a given biomaterial, the source and stage of 
OC maturation and subsequent population heterogeneity. Besides variation in OC 
assay parameters, the outcome measures used to assess resorption vary between 
studies and often do not provide an adequate representation of resorption. 
Resorption pit area measurements are most commonly used however; pit number and 
pit volume have also been reported. Other outcome measures that assess resorption 
are based on biochemical techniques which assess resorption as a function of OC 
activity. Therefore direct comparisons of different materials between studies is 
difficult. These variables and the challenges in quantifying their influence on 
resorption have formed the basis of this research.
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There is an international standard (ISO) for ceramic dissolution under various 
conditions (DIN EN ISO 10993-14) but none for cell-mediated resorption in vitro. 
Zhang et al (2012), has proposed that, rather than establishing a standard resorption 
assay it may be more realistic to define a standard material to which all other 
materials are compared [6], Even bovine bone has inter-donor variability therefore it 
would not be possible to have a standard material free of variation.
In the absence of any official standard method or material for assessing resorption 
the current in vitro method used to assess resorbability of bone substitutes is the OC 
pit assay. This assay assesses pit formation by quantifying either pit number, pit 
area, pit volume or a combination of the three. These methods are very time- 
consuming, often require specialised and expensive equipment and are unsuitable for 
use on porous scaffolds. Thus there is a need to develop an outcome measure of 
resorption that can be used throughout a wide range of in vitro experiments and one 
that is accessible to basic laboratories, not requiring expensive and specialised 
equipment but more importantly, within the rapidly developing field of tissue 
engineering; the ability to assess resorption of porous scaffolds. As pit area 
measurements seem to be the preferred method of choice the premise of this research 
was to utilise pit area measurements to determine the suitability of alternative 
measures of OC resorption in vitro.
41
Chapter Two Literature review
2.5 Research opportunity & Thesis aims and objectives
In order to carry out this body of research a collaboration was formed between the 
Robert Mathy’s Foundation, Switzerland and Queen’s University, Belfast. 
Additional funding was supplied by the Department of Education and Learning. The 
collaboration was set up with the intent of finding a novel way of measuring 
osteoclast resorption in vitro.
Many of the methods currently used to assess the resorbability of CaP biomaterials 
are suitable as indicators of OC resorption on the basis of biomaterial 
biocompatibility, identifying possible mechanisms that modulate the rate of 
resorption or for the investigation of drug-OC interactions and their effect on 
resorption. However, there has been no systematic attempt to identify an outcome 
measure of OC resorption that directly correlates with pit measurements and is 
transferrable through a broad range of in vitro experiments. Although pit area 
measurements have become common practice when assessing biomaterial resorption 
in vitro it is not a precise indictor of resorption;
variations in pit depth are not taken into consideration
it is unsuitable for use on porous materials
it is unsuitable for use on materials with rough surfaces
With that, the aim of this research was to improve on the fundamental understanding 
of OC resorption of CaP biomaterials by identifying suitable measures of OC 
resorption that directly correlate with pit measurements and are transferrable through 
a broad range of in vitro experiments.
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To achieve this aim a number of objectives were set out;
Develop an OC assay for the generation of functionally active OC for the 
resorption of CaP materials in vitro
Assess various outcome measures as indicators of resorption in vitro
Correlate these outcome measures with pit area measurements
Validate the OC assay and respective outcome measures in vitro on CaP 
materials to assess the suitability of outcome measures for use in a broad 
range of in vitro experiments.
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2.6 Plan of Experiments
The plan of experiments below serves as a reference guide to the reader for the 
sequencing of the experimental work of this document.
Chapter 3: Development of an osteoclast assay for the generation of RAW 264.7 
osteoclast cells in vitro
Initial OC assay development based on the protocol by Osdoby et. al in [56].
Chapter 4: A comparison of osteoclast differentiation and function using 
osteoclast precursor cells and RAW 264.7 cell line
Experiment A: Investigation of the initial cell culture conditions with a 
primary focus on RANKL dose and cell culture period.
Experiment B: Utilisation of the cell culture conditions in Experiment A for 
the examination of the in vitro OC response to dense, polished CaP surfaces 
before and after calcination.
Chapter 5: Modifications to the development of an osteoclast assay for the 
generation and function of RAW 264.7 osteoclast cells in vitro
Experiment C: Determination of the effect of RANKL dose and supplier on 
the generation and activity of mature OC.
Experiment D: Determination of the effects of HC1 addition to culture 
medium on (3-TCP surfaces in a cell-free environment.
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Experiment E: Determination of the effect of HC1 addition to culture 
medium on culture medium pH during incubation.
Chapter 6: Surrogate outcome measures of in vitro osteoclast resorption of 
calcium phosphate ceramics
Determination of the suitability of several outcome measures as possible 
indicators of osteoclastic resorption in vitro.
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Chapter Three Development of an osteoclast assay
3 Development of an osteoclast assay for the generation of RAW 264.7 
osteoclast cells in vitro
3.1 Introduction
The aim of the work presented in this chapter was to establish an experimental 
methodology to generate OC cells in vitro. A resorption assay using Murine RAW 
264.7 macrophage cells was developed based on the protocol by Osdoby et al. in [56] 
whereby addition of RANKL to culture medium induces RAW 264.7 monocyte cells 
to form multinucleated OC. A cell line was chosen over human derived cells due to 
the inherent inter-donor variability and the difficulty in isolating and culturing these 
cells.
This chapter investigates the effect of three cell seeding densities on OC formation 
when cultured on HA and P-TCP ceramic discs sintered at either 1100°C or 1250°C 
(Table 3.1). OC were characterised by their expression of TRAP. Several outcome 
measures were investigated to assess their potential as indicators of OC resorption in 
vitro; gravimetric analysis, pit formation viewed by SEM, mineral release using 
inductively coupled plasma mass spectrometry (1CP-MS) and a colorimetric assay 
measuring TRAPSb enzyme activity in the culture medium.
3.2 Materials and Methods
3.2.1 Preparation of ceramic discs
Highly crystalline HA, Caio(P04)6(OH)2 (Batch no: P288R) and amorphous P-TCP 
Ca3(P04)2 (Batch no: P303R), 100% unsintered powders (both Plasma Biotal Ltd, 
UK) were used to produce CaP discs. Discs of HA and P-TCP were produced by die 
compaction using a hydraulic bench press (Sealey, YK10B). Using a cylindrical
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stainless steel die (inner diameter 15mm), 0.5g of powder was pressed under 
1.5kg/cm of pressure to produce a single circular disc (15mm diameter x 2mm 
thick). HA and (3-TCP discs were sintered at either 1100°C or 1250°C in an ELITE 
furnace. Discs were left unpolished as a flattened surface was achieved after 
compression. Discs were sterilised by autoclaving at 121°C for 30 minutes.
Table 3.1: Sintering profiles for HA and P-TCP discs
Temperature Material Sintering Programme
1100°C HA Ramp rate 4°C/min/ dwell time of Ih at 
1100°C, cooling rate of 4°C/min to room
p-TCP temperature.
1250°C HA Ramp rate 4°C/min7 dwell time of Ih at 
1250°C followed by cooling to 900°C at 1°C
P-TCP /min with a dwell time of 24h at 900°C, 
followed by a cooling rate of 1°C /min to 
room temperature.
3.2.2 Cell culture of RAW 264.7 cells
RAW 264.7 cells (ATCC, UK) at passage 1 1 were routinely cultured under standard 
conditions (37°C, 5% COil95% air) in Dulbecco’s modified Eagles medium (D- 
MEM), containing 4.5g/L glucose supplemented with 10% (v/v) foetal bovine serum 
(FBS), l.OmM sodium pyruvate, 4mM L-glutamine and 1% (v/v) 
antibiotic/antimycotic (all reagents from Invitrogen, UK). At day 0, cells were 
seeded onto HA and P-TCP discs at a density of either 1x10\ 1x104 or IxlO5 
cells/cm2 in 24-well plates. To initiate differentiation, RANKE (R&D systems, USA)
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was filter sterilised through a 0.2gm filter and added to complete culture medium at a 
final concentration of 35ng/mL. Culture medium and RANKL were replaced on day 
3. Cultures were maintained for 6 days. N=5 for all conditions (Table 3.2).
Table 3.2: Experimental design plan
Temperature Material Seeding density and sample number Total
Cell free 1 xlO3 1 x 104 1 x 105
1100°C HA 5 5 5 5 20
B-TCP 5 5 5 5 20
1250°C HA 5 5 5 5 20
B-TCP 5 5 5 5 20
80
3.2.3 Scanning electron microscopy
SEM was used to view the ceramic surface after culture with RAW 264.7 cells and to 
study the morphology of the cells. Day 6 cultures on discs were washed twice with 
PBS and fixed in 3% (w/v) gluteraldehyde in 0.1M sodium cacodylate buffer at 4°C 
for 30 min. After fixation, discs were washed with 0.1M cacodylate buffer for 1 h, 
dehydrated via graded ethanol series (50%, 70%, 90% respectively for 30 minutes at 
each concentration followed by three changes in 100% ethanol) followed by drying 
with hexamethylsilasane (HMDS) (Sigma Aldrich, UK). The dried specimens were 
then sputter coated with gold using a Polaron E5150 sputter coater and viewed on a 
Jeol SEM at 15kV. N=5 per time point for all conditions.
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3.2.4 Gravimetric analysis
Gravimetric analysis was chosen as an outcome measure to determine if a change in 
mass could be detected after culture with RAW 264.7 cells. The mass of each 
ceramic disc was recorded after sintering and prior to cell culture (Initial mass, M0) 
and again after critical point drying with HMDS (mass after drying, M). Results 
were recorded to 4 decimal places. The percentage change in mass was calculated as 
in Equation 3.1.
% mass loss = (~<^o~) x 100 Equation 3.1
3.2.5 TRAP assay
TRAP has two isoforms that circulate in the blood, 5a and 5b. TRAP 5b is derived 
from OC and is produced by RAW OC whereas TRAP 5a is from inflammatory 
macrophages. TRAP 5b activity was measured in culture medium harvested at day 
6 (N=5) using MouseTRAP (Immunodiagnostic systems Ltd, UK), a TRAP 5b 
specific-immunoassay. The MouseTRAP assay is a solid phase enzyme-linked 
immunosorbent assay (ELISA) specific for the determination of OC-derived TRAP 
5b. In an ELISA an enzyme is used to detect the presence of a substrate (usually an 
antigen) in a liquid sample. A specific enzyme-linked antibody binds to the test 
antigen and the complex formed is then exposed to a chromogenic substrate specific 
to the attached enzyme. The colour intensity of the formed complex is directly 
proportional to the concentration of the test antigen.
Microtitre wells were coated with 100pl of anti-MouseTRAP antibodies and 
incubated for 60 minutes at room temperature, shaking at ~950rpm. Well contents
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were decanted and 250|al of wash buffer (40mL Tris-buffered saline containing 
Tween-20 diluted in 960mL distilled water) was added to all wells, decanted and 
repeated three times. 75pl of 0.9% NaCl followed by 25pl of test sample (culture 
medium containing TRAP 5b antigen) was added to wells in duplicate. 25pl of 
release reagent was added to all wells and incubated for 60 minutes at room 
temperature, shaking at ~950rpm. Well contents were decanted and 250pl of wash 
buffer was added to all wells, decanted and repeated three times. lOOpl of substrate 
solution (two tables of p-nitrophenylphosphate (pNPP) in lOmL sodium acetate 
buffer) was added to all wells. The microplate was covered and incubated at 37°C 
for 2 hours before adding 25pl of stop solution (0.32M Sodium Hydroxide (NaOH). 
After termination of the reaction, optical absorbance was read at 405nm on a 
microplate reader (Genios, Tecan, Austria) and the colour intensity produced was 
used to quantify the amount of TRAP 5b against a standard curve of known TRAP 
5b antigen concentrations.
3.2.6 Element analysis
Element concentrations of Ca and P ions were quantified using ICP-MS (Perkin 
Elmer Optical Emission Spectrometer, Optima 4300DV). This method was chosen as 
a possible outcome measure to indicate OC resorption in vitro as ICP-MS has a 
detection level of 0.01 mg/1 for both Ca and P but more importantly the ability to 
discriminate differences in the levels of Ca and P through the signal to noise ratio; 
where the concentration of Ca and P can be determined from the Ca and P levels 
already present in the medium. Culture media from days 3 and 6 were retained and 
diluted by a factor of 20 in d^O (0.2ml sample to 3.8ml dH20) for analysis.
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3.2.7 Statistics
Statistical Analysis for all outcome measures was carried out using SPSS v.18 
software (IBM, USA). Kolmogorov-Smirnov and Shapiro-Wilk normality tests were 
conducted and all groups were normally distributed. Differences between treatment 
groups were assessed using one-way analysis of variance (ANOVA) with a post-hoc, 
Bonferroni test. Relationships between each outcome measure were investigated 
using the Pearson’s correlation test. A p-value of less than 0.05 was considered 




A small proportion of RAW 264.7 monocytes cultured in the presence of RANKL on 
HA and p-TCP discs differentiated into large multinucleated cells. Many 
undifferentiated monocytes were also visible (Figure 3.1). RAW 264.7 monocytes 
cultured in the presence of RANKL formed eroded areas on the CaP materials. From 
observation. OC on HA samples formed very superficial erosions whereas OC 
cultured on P-TCP formed more distinct pit-like erosions (Figure 3.2). OC were 
evident beside the eroded areas on HA (Figure 3.1a) and appeared to be of similar 
size and shape to the resorbed areas.
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3.3.2 Gravimetric analysis
Inter-group and intra-group variation was great for both materials and seeding 
densities respectively (figure 3.3). Cells were removed, processed for SEM up to the 
stage of HMDS evaporation and then the sample was weighed. Potential sources of 
variation with this outcome measure could be as a result of the degree of compaction 
of the sintered sample (some samples could be more porous than others) or the 
variation in evaporation of HMDS from the surface of the sample. In general, there 
was a greater mass loss (dissolution) on materials sintered at 1100°C compared to 
1250°C but this was not affected by the addition of cells to the material. There was 
no statistical correlation with percentage mass change and cell number (seeding 
density) for HA or P-TCP; p = 0.406 (Table 3.3) nor any statistical differences 
between those with cells compared to no cell control. For this reason mass loss was 
considered not to be a suitable outcome measure for OC resorption.
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Figure 3.1: SEM micrographs of RAW 264.7 RANKL mediated cells cultured on HA sintered at 
1100°C. (a) Seeding density IxlO5, magnification x2000, (b) Seeding density IxlO5, magnification 
xl200. Red arrows indicate early stage etched areas beneath the cells. Scale bar is 10pm.
Figure 3.2: SEM micrographs of RAW 264.7 RANKL mediated samples cultured on p-TCP 
sintered at 1250°C. (a) Seeding density 1x10s, magnification xl200, (b) Seeding density IxlO3, 
magnification xlOOO. Red arrows indicate potential resorption pit. Scale bar is 10pm.
54
Chapter Three Development of an osteoclast assay




Figure 3.3: Graph showing mean percentage mass change for HA and p-TCP discs after 6 days 
in cell culture. Error bars represent standard deviation of the mean. Control samples (0) have no 
cells present. Seeding densities denoted as 1 x E+03, E+04 or E+05 cells/crrr.
3.3.3 TRAP assay
The release of TRAP 5b enzyme into culture medium was dependent on phase 
composition and sintering temperature of the ceramic (Figure 3.4). An overall 
increase in TRAP 5b enzyme release was observed with P-TCP compared to HA and 
for 1250°C samples compared to 1100°C samples for both HA and P-TCP. A 
general increasing trend in TRAP 5b enzyme activity is observed with increasing 
seeding density for both HA and P-TCP, although at the lowest seeding density there 
was no increase in TRAP5b activity compared to the no cell control. The 
relationship between TRAP 5b enzyme concentration and cell number was highly 
significant (p =<0.001) with a reasonably strong association (r = 0.509) (Table 3.3).
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Figure 3.4: Graph showing mean TRAP 5b concentration from RAW 264.7 cells cultured for 6
days on HA and p-TCP. Error bars represent standard deviation of the mean. Control samples (0) 
have no cells present. Seeding densities denoted as 1 x E+03, E+04 or E+05 cells/cm2.
3.3.4 Element analysis
The dissolution of Ca and P into culture medium was dependent on phase 
composition and sintering temperature, similar to the TRAP assay results discussed 
above (Figure 3.5). An increase in Ca and P concentration was observed with P-TCP 
compared to HA and Ca and P concentration was generally higher for 1250°C 
samples compared to 1100°C samples for both HA and P-TCP. A general increasing 
trend in Ca concentration was observed with increasing seeding density for both HA 
and P-TCP whereas P concentration remained relatively constant for HA and
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gradually increased for p-TCP with increasing seeding density. It must be noted that 
the same trends are observed for control samples in culture medium only.
Strength of correlation between cell number and Ca and P concentration increased 
from day 3 to day 6 (Ca: r =0.313 and r=0.519 and P: r= 0.121 and r=0.300 
respectively). There was also an increase in the significance of these correlations 
(Ca: p= 0.005 and p<0.001 and P: p=0.283 and p=0.007 respectively) (Table 3.3).





















□ Ca Day 3
■ Ca Day 6
□ P Day 3
■ P Day 6
Seeding density (cells/cm2)
Figure 3.5: Graph showing mean calcium and phosphate concentration for HA and P-TCP 
cultures after 6 days. Control samples (0) have no cells present. Seeding densities denoted as 1 x 
E+03, E+04 or E+05 cells/cm2.
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Table 3.3: Correlation table representing statistical analysis carried out on all materials and 
seeding densities. The top figure in each row represents the Pearson correlation factor (r) showing 
the strength of correlation and the bottom figure indicates the significance of the results (p-value). For 
Ca and P results; d3 = day 3 and d6 = day 6.
Ca d3 Pd3 TRAP 5b Ca d6 Pd6 Mass loss
Cell number 0.313 0.121 0.509 0.519 0.3 -0.098
0.005 0.283 <0.001 <0.001 0.007 0.406
Ca d3 0.726 0.573 0.698 0.783 0.187
<0.001 <0.001 <0.001 <0.001 0.111
Pd3 0.315 0.499 0.761 0.262
0.004 <0.001 <0.001 0.024
TRAP 5b 0.561 0.493 0.110
<0.001 <0.001 0.353





OC are the cells responsible for bone resorption in vivo and thus have been selected 
for use as an in vitro model to study the resorption of bone. The selected outcome 
measures tested were; 1) SEM: to detect OC morphology and pit formation, 2) 
gravimetric analysis: to see if OC resorption could be related to sample mass loss, 3)
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ICP-MS: to quantify mineral release from materials into culture and 4) TRAP 5b 
enzyme activity: to relate OC activity with resorption. HA and P-TCP materials 
were used to compare cellular resorption activity with material phase composition. 
Two sintering temperatures (1100°C and 1250°C) were tested for HA and P-TCP to 
determine if differences in sintering temperature affect OC formation and activity. 
Multinucleated cells were derived from the murine monocytic cell line, RAW 264.7, 
and were seeded at three different densities on the respective materials to assess the 
effect of OC cell number. A cell line was chosen for the in vitro model on the basis 
of the following;
■ Cell lines are more robust and easier to culture than primary cells,
■ RAW 264.7 cells require only RANKL stimulation to generate OCs making 
this model less expensive and more convenient than primary cells which 
require stimulation with two growth factors,
■ Cell lines are more stable and don’t have the problems associated with inter­
donor variation that are inherent in primary cell assays.
Discs made by hydraulic die compaction were viewed by SEM. Although the discs 
were 100% HA or 100% P-TCP, the surface morphology under SEM showed that the 
material surface was not completely smooth and contained some pit-like erosions. 
This made, it difficult to distinguish these from OC resorption pits and highlighted 
that ideally a smoother surface would be required to ascertain whether the pits 
viewed under SEM were actually resorption pits and not pores.
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Notwithstanding this, it appeared that SEM micrographs showed early signs of pit 
formation on both HA and (3-TCP ceramics. OC on HA samples formed very 
superficial pit-like erosions whereas OC cultured on p-TCP formed more distinct pit­
like areas (~50pm diameter). OC were evident beside eroded areas on HA and were 
of similar size and shape to the resorbed areas but few OC remained adherent to the 
P-TCP substrate after fixation. The surface of HA may have been rougher than that 
of P-TCP. promoting a favourable surface for OC attachment [97],
As previously discussed, controversial results for the resorption of HA in vitro have 
been reported with some authors observing OC resorption of HA [95][64] and others 
not [96]. It has been well documented that the solubility of ceramics can influence 
their resorption in vitro [95][64][96] TCP ceramics have been suggested to be 
unsuitable for OC resorption as they cause a high calcium release into the 
surrounding media and at the OC-substrate interface due to their high dissolution 
compared to that of HA [95][96]. The high calcium concentrations are said to inhibit 
resorptive activity of OC, which subsequently detach from bone [95][96]. It may be 
reasonable to suggest this phenomenon for the lack of OC cells attached to P-TCP as 
well as the fact that they were more liable to wash off during fixation.
Continuous resorption trails leading from individual eroded areas by migrating OC 
that have been reported by others [123][124] were not found on either HA or P-TCP. 
OC may have resorbed for a period of time before detaching and migrating away 
from the original site of resorption or in fact the OC may have only begun resorptive 
activity at the end of the culture period as 6 days is a relatively short time [120],
It was observed that differentiated RAW cell cultures produced cells slightly smaller 
than those generally associated with mature OC (30pm+ for primary cells in 
culture[124]). Reasons for this may be: 1) the absence of a purification step (cells
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may have been seeded effectively but the purity of the cell population would not 
have been exclusively OC) and 2) inter-batch variation of RANKL bought from 
different suppliers may result in differences in batch efficacy (although we referred 
to a published protocol [56] others have reported using values 1 'A times that of the 
amount used in the present study) [73] [125]. Furthermore. OC formation and 
activity is enhanced in more acidic environments [126], The pH of the media in this 
current experiment was not recorded and this may be a contributing factor to the 
efficiency of OC formation.
The sealing zone is thought to be the most important ultrastructural feature of the 
OC, functioning as a determinant for OC phenotype; as OC have very similar 
morphology to giant cells from the immune system [97], SEM micrographs (Figure 
3.1) did not seem to display the apico-basal morphology associated with cell 
attachment and sealing zone formation [31][127], The cells may have been in a 
‘detachment status’ [64] and about to migrate hence they were not spread over the 
surface of the CaP material or in fact few mature OC may have formed.
In the present study 1250°C samples show increased ion release (calcium and 
phosphate) and increased TRAP 5b activity compared to their respective 1100°C 
samples. Results for ICP-MS and the colorimetric TRAP 5b assay showed good 
correlation with each other (r = 0.573 (day3), r = 0.561 (day 6)) and with cell number 
(p = <0.001 for both day 3 and day 6). One would predict that samples sintered at a 
higher temperature would be more thermodynamically stable than those sintered at a 
lower temperature and in effect have a lower ion release. The opposite of this effect 
was observed in this study with more mineral being released into the culture media at 
higher temperatures. To give a greater understanding of the material phase 
composition of the different samples X-ray diffraction (XRD) analysis could be 
conducted. This technique is used to determine the crystallinity and phase
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composition of a material. For ceramic materials such as HA and P-TCP phase 
changes can occur after a threshold sintering temperature has been reached. In 
general, an increase in sintering temperature promotes phase transformation in the 
order HA > P-TCP > a-TCP. For example, if P-TCP exceeds 1250°C the P-phase 
can change to alpha (a). a-TCP is more soluble then P-TCP thus if changes in phase 
composition did occur, this may have increased the solubility of the material and 
may help explain the results. Also, since higher local Ca2+ concentrations inhibit OC 
resorption then perhaps the more soluble 1100°C materials inhibited OC activity 
because they dissolve more readily.
Although results indicate high levels of calcium in cell culture media it is difficult to 
fully interpret the true effect of OC degradation. Calcium concentrations within 
culture media are hard to quantify as various factors affect the global calcium 
concentration;
■ Ceramics have different calcium ratios,
■ Some calcium may have reprecipitated back onto the material,
■ Although the seeding density is consistent, the number of mature active OC 
within the cell population may not be the same [64],
As OC are known to secrete TRAP5b enzyme [127], it was reasoned to use the 
concentration of TRAP 5b released in culture medium as a possible model for bone 
resorption by OC in vitro, and thus be used as a suitable outcome measure to predict 
the rate of OC resorption of CaP materials in vivo. Together with the 1CP-MS results 
it was concluded that TRAPSb enzyme activity may be a possible outcome measure 
to predict the rate of osteoclast resorption in vitro.
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3.5 Summary
The present study has shown that OC generated from RAW 264.7 cells attach to and 
show potential to degrade HA and P-TCP ceramics in vitro. Evidence of TRAP 5b 
enzyme secretion, mineral release and pit-like formation together provide the basis of 
this conclusion. To interpret the results fully, quantification of pit number and pit 
area are required in combination with material property analysis such as phase 
composition and surface roughness. To conclude, there is potential for the use of 
RAW 264.7 cells as an in vitro model for the osteoclastic resorption of CaP 
materials.
From this preliminary study, modifications for subsequent protocol development 
include:
■ It will be necessary to quantify resorption pit number and pit area using light 
microscopy in order to compare these results with the other outcome 
measures described above.
■ The concentrations of RANKE should be optimised to see if OC grow bigger 
in size and become more active, forming more resorption pits.
■ Record the pH of the culture medium as an indication as to whether it is 
optimum for OC activity.
■ Vary the length of the culture period.
■ Try to obtain a smoother surface finish for the ceramic discs to make it easier 
to distinguish OC specific resorption pits.
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Chapter Four A comparison of osteoclast differentiation and function
4 A comparison of osteoclast differentiation and function using osteoclast 
precursor cells and RAW 264.7 cell line
4.1 Introduction
The aim of the work presented in this chapter was to compare the differentiation and 
function of OC cells from two sources, murine non-adherent bone marrow osteoclast 
precursor cells (OPC) and the RAW 264.7 murine monocyte cell line. In an attempt 
to culture adequate numbers of functionally mature OC, this chapter revisits the 
culture conditions of Chapter 3 and compares OC differentiation and function of 
RAW 264.7 cells with Primary OPC. This chapter is comprised of two experiments; 
each providing subsequent modifications to the protocol as suggested in the summary 
section of Chapter 3. Experiment A investigates the initial cell culture conditions 
with a primary focus on RANKL dose and cell culture period.
In a bid to further optimise the reactivity of CaP bone substitutes, a simple thermal 
treatment was conducted by Egli and co-workers [128] on CaP granules, in which the 
removal of surface defects had a subsequent reduction in chemical activity of CaP, 
without inducing significant changes in physical properties. Results indicated that 
cultures on thermally treated (calcined) P-TCP displayed significantly higher OC 
specific enzyme activity compared to cultures on non-calcined P-TCP. Thus, the aim 
of Experiment B was to utilise the cell culture conditions in Experiment A to 
examine the in vitro OC response to dense, polished CaP surfaces before and after 
calcination.
This work was carried out on placement with the Group for Bone biology, University 
of Bern, Switzerland and the Robert Mathy’s Foundation (RMS), Bettlach, 
Switzerland under the supervision of two renowned Professors in the fields of Bone
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Biology (Prof. Willy Hofstetter) and skeletal materials (Prof. Marc Bohner) 
respectively.
4.2 Experiment A
Experiment A investigated the effect of RANKE dose on the differentiation of OPC 
and RAW 264.7 cells grown on tissue culture plates. RANKE was added to cultures 
at a final concentration of 0, 1, 5 or 20ng/ml. OPC cultures were grown for 6 days 
and RAW 264.7 cultures for 5 days. The timepoints used for analysis were days 3, 4 
and 5 for RAW 264.7 cells and days 4, 5 and 6 for OPC. OC phenotype was 
characterised by the expression of TRAP and the number of multinuclear cells (3+ 
nuclei) was counted. N=4 per time point. OC number and activity were assessed by 
spectrophotometric methods using a cell proliferation and TRAP activity assay 
respectively. N=6 per timepoint.
4.2.1 Materials and Methods
4.2.1.1 Cell culture of RAW 264.7 cells
RAW 264.7 cells (ATCC) at passage 14 were routinely cultured under standard 
conditions (37°C, 5% COf95% air) in alpha-MEM (a-MEM), supplemented with 
1% (v/v) penicillin/streptomycin (both GIBCO, Invitrogen, UK ) 10% (v/v) FBS, 
(Sigma-Aldrich. UK) and 1% vitamin-C (5mg/ml) (Merck, Middlesex, UK). At day 
0, cells were seeded at a density of 2.5x104 cells/cm2 in tissue culture plates. To 
initiate differentiation, RANKE (Peprotech, USA) was filter sterilised through a 
0.2pm filter and added to complete culture medium at a final concentration of either
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0, 1, 5 or 20ng/ml. Culture medium and RANKL was replaced on day 3. Cultures 
were maintained for 5 days. N=4 for TRAP staining and N= 6 for TRAP activity and 
XTT.
4.2.1.2 Protocol for murine bone marrow OPC extraction
The mouse was sacrificed by placing in a chamber to which CO2 was slowly added 
slowly. The mouse was left inside the chamber for 3 minutes before removing and 
placed into a beaker of 70% isopropanol to stick down the hair. The mouse was then 
placed on a cork board covered with cling film. With scissors, the abdomen skin was 
cut open vertically and horizontally down through the legs and a blade was used to 
remove muscular flesh to free the bone. One femur and tibia were removed and 
placed into a beaker with 10ml HANKS* balanced salts solution. The femur was cut 
at the greater trochanter to leave an open-ended cross-section. The other femur and 
tibia was then removed and placed into 10ml HANKS. Using fresh instruments 
(tweezers and blade), the remaining attached muscle and joint capsule were removed. 
The cleaned bone segment was placed into a fresh beaker containing 10ml HANKS. 
This process was repeated for the remaining femur and both tibia. A 10 syringe with 
needle attached was filled with HANKS solution. Whilst holding the specimen with 
tweezers the needle was inserted into the bone marrow. Initially his was done by 
placing the needle into the knee joint for both femur and tibia. The medium was then 
syringed through the bone and collected into a Falcon tube. The cell extraction was 
then repeated from the other end of the segment (either hip or ankle). The cell 
extraction procedure was repeated for the remaining 3 bone segments. Once cell 
extraction was complete the cell suspension was centrifuged for 5 minutes at 
1200rpm and the supernatant was poured off the supernatant. The cell pellet was 
then resuspended in 30ml a-MEM (Resuspended first in 2ml then made up to 30ml). 
CSF-1 was added to the resuspension at a concentration of 30ng/ml. Cells were
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counted with TURKS solution: 2% Glacial Acetic Acid (2ml) in 98ml distilled water 
with a drop of gentian violet stain (90pl TURKS : lOpl cell suspension, 1:10 
dilution). To plate the cells, 15ml of the bone marrow cell suspension was added to a 
T75 cell culture flask and placed in a 37°C incubator for 24 hours. After 24 hours, 
the flask was removed from the incubator and non-adherent cells were collected for 
plating.
* When carrying out BMC extraction HANKS balanced salts solution (low 
bicarbonate medium) was used to ensure pH stays constant within the medium 
throughout the length of time required to dissect all bone segments required (normal 
medium tends to alkalinise with time).
4.2.1.3 Cell culture of primary OPCs
Bone marrow was flushed from the long bones of C57BL/6 mice (7 weeks old) as 
per Section 4.2.1.2 and cultured for 24h in a-MEM / 1% penicillin/streptomycin (p/s) 
/ 10% FBS in the presence of 30ng/ml colony stimulating factor (CSF)-l (Chiron, 
USA). After incubation for 24h, the non-adherent OPC were collected and seeded at 
a density of 2.5x104 cells/cm2 in tissue culture plates and cultured for 6 days in the 
presence of 30ng/ml CSF-1 and either 0, 1, 5 or 20ng/ml RANKE. Culture medium 
and additives were replaced on day 3. Cultures were maintained for 5 days. N=4 for 
TRAP staining and N= 6 for TRAP activity and XTT.
4.2.1.4 Cell proliferation
Cell number was determined by measuring viable cells using a cell proliferation kit 
(Cell Proliferation Kit II [XTT]; Roche Diagnostic). XTT is a tetrazolium salt 
(yellow) that converts to a formazan dye (orange) in the presence of metabolically 
active cells. An increase in the number of viable cells directly correlates with an
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increase in the amount of formazan formed as measured by absorbance. OC (2.5x104 
cells/cm2) were cultured in 96-well tissue culture plates. On days 4, 5 and 6 (OPC) 
and days 3, 4 and 5 (RAW 264.7) cultures (lOOpl) were incubated for 4 hours at 
37°C with 50pl XTT labeling solution (final XTT concentration 0.3mg/ml), and the 
resulting product was measured spectrophotometrically using a microplate reader 
(BIO-RAD, USA) at 470 nm. N=6 for all groups.
4.2.1.5 Osteoclast TRAP staining and activity
OC differentiation was determined using a TRAP staining kit (386A, Sigma- 
Aldrich). Day 4, 5 and 6 (OPC) and day 3, 4 and 5 (RAW 264.7) cultures were fixed 
in a citrate/acetone solution for 30 seconds, washed in dffO and air dried for 15 min. 
Cultures were then covered in a solution containing napthol AS-BI phosphoric acid 
and fast garnet GBC salt and incubated for 10 minutes (OPC) and 30 minutes (RAW 
264.7) at 37°C in the dark. Cultures were rinsed with dFUO for 3 min and allowed to 
air dry before viewing under light microscopy at xlO magnification. The surface 
area (SA) analysed/well was I 10mm2. TRAP positive OC were calculated from the 
mean of 4 wells. An osteoclast was denoted as having three or more nuclei.
OC TRAP enzyme activity was measured by the conversion of p-nitrophenyl 
phosphate (p-NPP) to p-nitrophenol (p-NP) in the presence of sodium tartrate. On 
days 4, 5 and 6 (OPC) and days 3, 4 and 5 (RAW 264.7) a separate set of cells were 
lysed with lOOpl lysis buffer (1M NaCl and 0.1% Triton-X 100) and frozen. Once 
thawed, 50 pL of the cell lysate was transferred to a new well-plate in duplicate. 
50pL of lOmM p-NPP in buffer solution (40mM sodium tartrate dehydrate, 50mM 
Acetic acid 100%, brought to pH 4.8 with sodium hydroxide (NaOH)) was then 
added to the cell lysate and incubated at room temperature for 45 min. The reaction 
was stopped with 50pL 0.2M NaOH (All reagents were from Sigma-Aldrich).
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Optical absorbance was read at 405nm on a microplate reader (BIO-RAD, California, 
USA) and TRAP activity was quantified against a standard curve (p-NP). N=6 for 
all groups.
4.2.2 Experiment A Results 
4.2.2.1 TRAP activity
TRAP activity was dose-dependent for both RAW 264.7 and OPC cultures. An 
increase in RANKL concentration increased TRAP activity, with 20ng/mL RANKL 
yielding the highest TRAP activity levels for both RAW 264.7 (~1.85 Absorbance 
Units (AU)) and OPC (-1.6 AU) cultures.
RAW 264.7 cells displayed a time-dependent increase in TRAP activity for all 
RANKL concentrations (0, 1, 5, 20ng/ml) with an increase in TRAP activity from 
Day 3-4 and a decrease in activity at Day 5. OPC TRAP activity levels continued to 
increase with time for all RANKL concentrations with highest TRAP activity levels 
recorded at Day 6.
At Day 4 (Ong/ml RANKL), RAW 264.7 cells produced -1 AU compared to -0.1 AU 
for OPC cultures. This high level of absorbance without RANKL stimulation 
indicates that TRAP activity alone may not be a suitable outcome measure of RAW 
OC formation. An OC count is required to achieve more conclusive results with 
regards OC differentiation.
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Figure 4.1: TRAP enzyme activity measurements for OPC and RAW 264.7 cells. OPC were 
cultured for 6 days and RAW 264.7 cells cultured for 5 days.
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4.2.2.2 TRAP staining
TRAP positive OC counts were dose-dependent for both RAW 264.7 and OPC 
cultures. An increase in RANKL concentration increased the number of TRAP 
positive OC, with 20ng/mL RANKL yielding the highest TRAP positive OC counts 
for both RAW 264.7 (-267 OC) and OPC (-73) cultures.
No TRAP positive OC were recorded at Ong/mL RANKL (for both RAW 264.7 and 
OPC cultures) or Ing/mL RANKL (OPC cultures only); contrary to the levels of 
absorption for TRAP activity measurements.
Similar to TRAP activity results, RAW 264.7 cells displayed a time-dependent 
increase in the number of TRAP positive OC with an increase in the number of 
TRAP positive OC from Day 3-4 and a decrease at Day 5. OPC TRAP positive OC 
counts continued to increase with time with the highest number of TRAP positive 
OC recorded at Day 6.
4.2.2.3 XTT assay
With increasing RANKL concentration there was a general decrease in the number 
of metabolically active cells (reduced XTT absorption) for both OPC and RAW 
264.7 cells at each timepoint. This was expected as RANKL stimulation increases 
cell differentiation rather than proliferation. There was however a general increase 
in XTT absorption with time for both RAW 264.7 and OPC cultures for each 
RANKL concentration. This can be attributed to normal cell culture patterns where 
cells proliferate and become more confluent with time.
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TRAP positive OC count - OPC
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Figure 4.2: TRAP positive osteoclast counts for OPC and RAW 264.7 cells. OPC were cultured 
for 6 days and RAW 264.7 cells cultured for 5 days. An osteoclast was counted as having 3+ nuclei.
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Figure 4.3: Cell proliferation assay for OPC and RAW 264.7 cells. Cell number was determined 
by measuring viable cells using a cell proliferation kit.
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4.2.2.4 Summary of results
• RAW 264.7 cells cultures did not produce TRAP positive OC on Days 3, 4 
and 5 at Ong/mL RANKL. This is in contrast to the levels of absorption seen 
in TRAP activity measurements.
• OPC also showed small absorbance levels for TRAP activity with 0-lng/ml 
RANKL concentrations for Days 4, 5, and 6. However, OC were not formed 
until addition of 5ng/ml RANKL.
• At the optimum TRAP activity levels for RAW 264.7 cells (Day 4, 20ng/ml 
RANKL) and OPC (Day 6, 20ng/ml RANKL) there was little difference in 
TRAP activity at ~0.25AU. However, if we look at cell number for Day 4 at 
20ng/mL RANKL concentration it is clear that RAW 264.7 cells produce ~4 
times more OC than OPC (267 RAW 264.7 : 69 OPC).
• High background levels of TRAP activity aside, the results and trends for 
RAW 264.7 and OPC remained consistent:
o 20ng/mL RANKL produced maximum TRAP activity for both RAW 
264.7 cells and OPC
o There is a reduction in both TRAP activity and OC number at Day 5 
for RAW 264.7 cells.
o There is a continued increase in TRAP activity and OC number for 
OPC.
75
Chapter Four A comparison of osteoclast differentiation andfunction
4.2.3 Experiment B
Experiment B investigated the differentiation of OPC and RAW 264.7 cells grown 
on calcined or non-calcined (3-TCP. Results from Experiment A suggested a 
RANKE dose of 20ng/ml RANKE was optimum for both OPC and RAW 264.7 
cells. Experiment A also indicated that a longer culture period may be required to 
allow sufficient time for resorption as OPC had not reached a growth plateau after 
day 6. With that OPC and RAW 264.7 cultures were grown for 10 days. The 
timepoints used for analysis were days 2, 4, 6, 8 and 10 for OPC and days 6 and 10 
for RAW 264.7 cells. OC phenotype was characterised by the expression of TRAP 
and DAPI (4',6-diamidino-2-phenylindole) nucleic acid staining. The number of 
multinuclear cells was counted at days 4, 6, 8 and 10. OC actin ring formation was 
characterised by the expression of cytoskeletal phalloidin, detected using 
fluorescence microscopy at days 4, 6, 8 and 10. Resorption at days 6, 8 and 10 was 
assessed by gold sputter coating with light microscopy. OC activity was measured 
by TRAP activity on days 4, 6 and 10 (OPC cultures only). Surface properties were 
determined by SEM. N=6 for test samples and N=3 for no RANKE and no cell 
controls.
4.2.4 Materials and Methods 
4.2.4.1 Preparation of ceramic plates
Dense P-TCP cylinders (030 x 30mm) were supplied by Michel Descamps, 
Universite de Valenciennes, Maubeuge, France. Sample density was close to 98- 
99% with a grain size close to I pm. The method of production used by Michel to 
produce dense P-TCP samples is outlined below.
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Synthesis of P-TCP powder
TCP powder was prepared by an aqueous precipitation technique using a 
diammonium phosphate solution (NH^HPC^ (Carlo Erba, France) and a calcium 
nitrate solution Ca(N03)24H20 (Brenntag, France). The solution pH was adjusted to 
a constant value of 6.5 by a continuous addition of ammonium hydroxide. 
Temperature was maintained at 30°C and the solution was matured for 24 h. After 
maturation, the solution was filtered and the precipitate dried at 80°C. The precipitate 
was then calcined at 750°C and the powder was subsequently ground to break up any 
agglomerates formed during calcination. The grinding step was carried out by ball 
milling in a high density polyethylene milling jar and Y-PSZ grinding media for 3 h 
[129],
Slip preparation and ceramic manufacturing
TCP samples were prepared by a slip casting method. TCP powder (65 wt.%) was 
suspended in deionised water (dHiO) to form a slurry. To enhance slip stability, a 
commercial organic defloculant (Darvan C, R.t.Vanderbilt. Co. Inc.) was introduced 
at 1.5 wt.% of TCP content. After ball milling for 1 h, the slip was poured into a 
plaster mould. After drying, samples were sintered at 1100 °C for 3 h with a heating 
rate of 5 °C/min. The density of the sintered samples, determined by Archimedes’ 
method was >99% [129],
As supplied, two p-TCP dense cylinders were then cut into 3mm thick slices using a 
diamond wire saw (Product No 3032, Well Diamond Wire Saws Inc, Switzerland). 
Each slice was polished on one side with silicon carbide grit 4000 paper (grain size 
5pm) followed by a final polish using a 0.05pm alumina and silicon oxide 
suspension (Buehler, UK). After polishing the cut slices were mounted again in the
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diamond wire saw and cut into 3.8 x 3.8mm plates (Figure 4.4). After washing with 
70% isopropyl alcohol (Sigma Aldrich, UK) and sterilised by autoclaving at 121°C 


















3.8 x 3 8mm plates
Figure 4.4: Preparation of dense P-TCP plates.
4.2.4.2 Cell culture of RAW 264.7 cells
RAW 264.7 cells (ATCC) at passage 11 were routinely cultured under standard 
conditions (37°C, 5% COf^SVo air) in a-MEM, supplemented with 1% (v/v) 
penicillin/streptomycin (Invitrogen, UK ) 10% (v/v) FBS, (Sigma-Aldrich, UK) and 
1% vitamin-C (5mg/ml) (Merck, UK). RANKE was filter sterilised through a 0.2pm 
filter and added to complete culture medium at a final concentration of 20ng/mL. At 
day 0, cells were seeded onto (3-TCP plates at a density of 2.5x104 cells/cm2 in 96- 
well plates. Culture medium and RANKE was replaced on days 3, 6 and 8. 15mM 
hydrochloric acid (HC1) (Sigma-Aldrich) was added to cultures on day 6. Cultures 
were maintained for 10 days. N=6 for test samples and N=3 for no RANKE and no 
cell controls.
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4.2.4.3 Cell culture of primary OPCs
Bone marrow was flushed from the long bones of C57BL/6 mice (7 weeks old) and 
cultured for 24h in a-MEM / 1% P/S / 10% FBS in the presence of 30ng/ml CSF-1 
(Chiron, USA). After incubation for 24h, the non-adherent OPC were collected and 
seeded at a density of 2.5xl04 cells/cm2 onto (3-TCP plates within 96-well plates and 
cultured for 10 days in the presence of 30ng/ml CSF-1 and 20ng/ml RANKL. 
Culture medium was changed on days 3, 6 and 8. 15mM Hydrochloric acid (HC1) 
was added to cultures at day 6. N=6 for test samples and N=3 for no RANKL and no 
cell controls.
4.2.4.4 Actin staining of cells
Day 2, 4, 6, 8 and 10 (OPC) and day 6 and 10 (RAW 264.7) cultures were fixed in 
3.7% (w/v) paraformaldehyde in phosphate buffered saline (PBS) for 10 min, washed 
in cooled PBS three times and permeabilised over ice in 1% (v/v) Triton X-100 in 
PBS for 20 min. Cultures were rinsed again three times with cold PBS and stained 
for 40 minutes at room temperature with AlexaFluor 488 Phalloidin (Invitrogen, UK) 
dissolved in PBS containing 1% bovine serum albumin (BSA) to label cytoskeletal 
F-actin. Cultures were then washed with PBS and incubated at 37°C for 5 min with 
DAPI dilactate (Invitrogen), a nucleic acid counterstain, rinsed three times in PBS 
and air dried. Cultures were imaged under fluorescence microscopy (Nikon Eclipse 
E800) at x20 magnification. The SA analysed per field of view was 0.64mm . 
Based on four fields (SA 2.56mm2), 22.5% of a 3.8mm square plate (SA 11.34mm") 
was analysed. Actin ring number was calculated from the mean of the fields (n=6). 
Multiple actin rings within an OC were counted individually.
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4.2.4.5 Osteoclast TRAP staining and activity
TRAP staining on CaP plates was carried out in accordance with section 4.2.1.5 for 
day 2, 4, 6, 8 and 10 OPC cultures and day 6 and 10 RAW 264.7 cultures. N=6 for 
all groups. Cultures were imaged under light microscopy (Nikon Eclipse E800) at 
x20 magnification. The method for counting the mean number of TRAP positive OC 
was the same as the actin ring count described in section 4.2.4.4 Sample size was the 
same at 3.8mm square. TRAP activity, carried out in accordance with section 
4.2.1.5, was only carried out on OPC cultures (days 4, 6 and 10) due to sample 
number restrictions. N=6 for all timepoints.
4.2.4.6 SEM
SEM carried out in accordance with section 3.3.3 was used to view the ceramic 
surface before and after cell culture with OPC (days 4. 6, 8 and 10) and RAW 264.7 
(day 10). N=2 per time point for all conditions.
4.2.4.7 Quantification of resorption
Resorption of the ceramic surface was assessed by gold sputter coating and viewing 
under light microscopy at x4 magnification for OPC (day 6, 8 and 10) and RAW
264.7 cultures (day 6 and 10). N=4 per time point for all conditions. To prepare 
samples for sputter coating, they were transferred into a 24-well plate containing 1ml 
70% isopropanol (Sigma Aldrich) per well and the plate was sonicated for 5 minutes. 
Samples were then cleaned one at a time in a petri-dish containing 70% isopropanol. 
A small brush was used to remove the cells. Samples were air dried before sticking 
onto stubs for sputter coating. To quantify the percentage area resorbed (Equation 
4.1) the point to point method was used. At x4 magnification the total disc surface 
could be viewed using four rotations of the grided ocular lens. Each grid is divided
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into 100 squares. Each point on the grid to come into contact with a resorbed area 
was counted.
, , /Number of contact points \ „% area resorbed = ------------------------- x 100V 400 / Equation 4.1
4.2.5 Experiment B Results
4.2.5.1 Actin staining
Actin staining showed the formation and number of actin rings within OC. Multiple 
actin rings were found within a single OC for OPC and RAW 264.7 cultures on both 
calcined and non-calcined P-TCP (Figure 4.5). The majority of actin rings were 
intact at Day 6 and had fragmented by Day 10 for both OPC and RAW 264.7.
4.2.5.2 TRAP staining and activity
TRAP staining provided a means of visualising mature OC’s attached to the P-TCP 
discs. OC stained positive for TRAP at Days 6 and 10 for OPC and RAW 264.7 
cultures on both calcined and non-calcined P-TCP (Figure 4.6). By Day 10 RAW 
264.7 OC were much bigger and had more nuclei per OC compared to OC 
differentiated from OPC. TRAP activity (conducted for OPC cultures only, Figure 
4.7) results exhibited a 5 fold increase from Day 6 (~0.5 AU) to Day 10 (-2.5 AU).
81
Chapter Four A comparison of osteoclast differentiation and function
4.2.5.3 Quantification of actin ring and osteoclast number
For OPC cultures, OC number increased throughout and exhibited a similar ~5 fold 
Day 8 (59 non-calcined, 84 calcined) and decreased thereafter (~16 at Day 10) 
(Figure 4.8). No increase from Day 6 to Day 10( ~19 to 100 respectively) as 
observed with TRAP activity. Actin ring number increased from Day 4 (26 non- 
calcined, 32 calcined) to significant difference was observed between calcined and 
non-calcined groups. For RAW 264.7 cultures, OC number increased from Day 6 (9 
non-calcined, 12 calcined) to Day 10 (26 non-calcined, 41 calcined) with little 
difference in actin ring number Figure 4.9. No significant difference was observed 
between calcined and non-calcined groups.
4.2.5.4 Quantification of resorption
Sputter coated samples were viewed under light microscopy to achieve a colour 
contrasting surface profile. Dark coloured areas represented unresorbed surface and 
light coloured areas represented surface resorption (Figure 4.10). RAW 264.7 OC 
resorbed in a circular pattern similar to the size and shape of RAW 264.7 OC. OPC 
OC resorbed in a more linear fashion with trail like excavations.
Timepoints tested were Days 6, 8 and 10 for OPC and Days 6 and 10 only for RAW 
264.7 cells due to sample number restrictions. No active resorption was observed at 
Day 6 for either cell group. Resorption significantly increased at Day 8 for OPC and 
Day 10 for RAW 264.7. At Day 10, -60% (RAW 264.7) and -90% (OPC) of the 0- 
TCP surface was resorbed (Figure 4.11). No significant differences were observed 
between calcined and non-calcined materials for RAW 264.7 or OPC. Highly 
magnified SEM micrographs (Figure 4.12) illustrate the CaP surface resorption as a 
function of time. Areas of resorption appear deeper with time.
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(a) (b)
Figure 4.5: Actin Staining of OPC and RAW 264.7 cells on calcined P-TCP. (a) OPC Day 6, (b)
OPC Day 10, (c) RAW 264.7 Day 6, (d) RAW 264.7 Day 10. Magnification x20.
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(d)
Figure 4.6: TRAP Staining of OPC and RAW 264.7 ceils on calcined P-TCP. (a) OPC Day 6, (b)
OPC Day 10, (c) RAW 264.7 Day 6, (d) RAW 264.7 Day 10. Magnification x20. Scale bar lOOfxm.
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Day 4 Day 6 Day 10
□ Non-Calcined 
■ Calcined
Figure 4.7: TRAP activity of OPC on p-TCP after 10 days.
Mean Actin Ring and TRAP positive OC count - OPC
Figure 4.8: Mean Actin Ring and TRAP Positive OC count for OPC.
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Day 6 Day 10
HA.Rings Non-Calcined 
□ OC Non-Calcined 
HA.Rings Calcined 
HOC Calcined
Figure 4.9: Mean Actin Ring and TRAP Positive OC count for RAW 264.7 cells.
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Figure 4.10: Gold sputtered samples of non-calcined and calcined p-TCP after 10 days in 
culture, (a) OPC non-calcined, (b) OPC calcined, (c) RAW 264.7 non-calcined, (d) RAW 264.7 
calcined. Magnification x4.
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Day 6 Day 8 Day 10
Figure 4.11: Mean percentage area resorbed for calcined and non-calcined (1-TCP. Sputter 
coated samples were viewed under light microscopy and quantified using the point to point method.
Non-Calcined
d4 d6 d8 d10 d10 CF
Calcined
d4 d6 d8 d10 d10 CF
Figure 4.12: SEM images of P-TCP disc surfaces after OPC culture. CF = Cell free controls. 
(xl0,000 magnification, scale bar 2pm).
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Table 4.1: A summary of experimental modifications to the initial OC generation assay.
Experimental
Modifications
Chapter 3: Development of 
an OC assay
Chapter 4: A comparison of 
osteoclast differentiation and 
function
Cell Type RAW 264.7 RAW 264.7 and OPC
Media Type D-MEM a-MEM
Media Supplements 10% v/v FBS 10% v/v FBS
4mM L-glutamine 1% Vitamin C (5mg/mL)
l.OmM sodium Pyruvate 1% v/v PenStrep
1% v/v antimycotic/antibiotic
Seeding Density lx lO1'3cells/cnr 2.5 x 104 cells/cm2
Additives RANKE (35ng/ml) RANKE (0-20ng/ml)
HC1 (15mM) *
CSF-1 (30ng/mL)**
Culture Period 6 Days 5 Days Experiment A
10 Days Experiment B
Disc Maunfacture Powder compaction Slip cast (dense)
Sintered (1100°C or 1250°C) Sintered 1100°C
(with/without calcination at
500°C)
* Experiment B only **OPC cultures only
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4.3 Overall discussion
The aim of this experimental work was to develop functionally active OC in vitro. 
Changes were made to the culture conditions in a bid to optimise the environment for 
OC differentiation and activity (Table 4.1). This work also examined the in vitro OC 
response to dense, polished CaP surfaces before and after calcination. Calcination of 
CaP occurs at a lower temperature than sintering in a bid to maintain particle size but 
to remove surface defects on the CaP. affecting chemical reactivity of the CaP. 
Sintering by comparison heats the CaP at high temperatures and affects CaP physical 
properties by binding adjacent particles together, increasing the density of the CaP.
Initial changes to the cell culture conditions in Experiment A showed that TRAP 
activity and TRAP positive OC counts were dose dependent for both RAW 264.7 
and OPC cultures. An increase in RANKL concentration increased TRAP activity 
and TRAP positive OC counts, with 20ng/mL RANKL yielding the highest TRAP 
activity levels and TRAP positive OC counts for both cultures. At the optimum 
TRAP activity levels for RAW 264.7 (Day 4, 20ng/ml RANKL) and OPC (Day 6, 
20ng/ml RANKL) there was little difference in activity at ~0.25AU. However, there 
was a significant difference in cel! number with RAW 264.7 cells forming nearly 4 
times more OC than OPC (267 OC for RAW 264.7 Day 4 and 73 OC for OPC Day 
6). This indicates that RAW 264.7 cells differentiated more than OPC in tissue 
culture plates.
Experiment A concluded that a RANKL dose of 20ng/ml RANKL was optimum for 
both OPC and RAW 264.7 cells. Experiment A also indicated that a longer culture 
period may be required to allow sufficient time for resorption as OPC had not 
reached a growth plateau after day 6. With that OPC and RAW 264.7 cultures were 
grown for 10 days in Experiment B. Experiment B also introduced the addition of
90
Chapter Four A comparison of osteoclast differentiation and function
15mM HC1 to cell cultures. Extracellular acidification has been shown to stimulate 
bone resorption by extending OC survival and facilitating OC adhesion and 
migration [130], As this work was carried out in another lab, their experience in bone 
cell culture techniques was acknowledged and this was the first time HC1 addition to 
culture medium was considered for the OC generation assay.
Differentiation of cells was induced by addition of 20ng/mL RANKE to culture 
medium. Both cell sources formed TRAP positive OC cells (Figure 4.6) on calcined 
and non-calcined P-TCP containing morphological actin rings (Figure 4.5) 
characteristic of active OC. Both cell sources also formed resorption trails or pits on 
calcined and non-calcined P-TCP (Figure 4.10). Resorption patterns differ in shape 
and size and are generally characterised as pits or trails. Resorption pits by RAW 
264.7 cells corresponded to the “reticulate patch resorption” and resorption trails by 
OPC corresponded to “longitudinally extended resorption” as described in [123]. The 
majority of actin rings were intact at Day 6 and had fragmented by Day 10 for both 
OPC and RAW 264.7. By Day 10 RAW 264.7 OC were larger and had more nuclei 
per OC compared to OC differentiated from OPC. TRAP activity was only 
conducted for OPC and no difference was observed for calcined or non-calcined P- 
TCP (Figure 4.7).
The same general trends were observed for OPC and RAW 264.7 differentiation and 
function;
• An increase in TRAP positive OC up to Day 10. There was a ~5 fold 
increase for OPC and a ~3 fold increase for RAW 264.7 from Day 6-10.
• No resorption pits were formed at Day 6 followed by formation and increase 
in resorption pit formation up to Day 10.
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• No difference was observed between calcined and non-calcined p-TCP for 
any outcome measure.
, apart from the following:
• Actin ring formation: OPC Mean AR count increased from Day 4-8 and 
decreased at Day 10 whereas RAW 264.7 Mean AR count had a marginal 
increase from Day 6 to Day 10.
• Resorption pit shape: OPC resorbed in a linear fashion revealing resorption 
trails whereas RAW 264.7 resorption appeared more static forming distinct 
circular resorption pits.
RAW 264.7 cells formed fewer TRAP positive OC and resorbed less percentage 
surface area compared to OPC. A possible reasoning for this difference is that RAW 
264.7 OC are larger than OPC and thus fewer RAW 264.7 OC could theoretically fit 
into the field of view during quantification by light microscopy. It must be noted 
that the reduction in number of RAW 264.7 TRAP positive OC relative to OPC is in 
contrast to Experiment A where RAW 264.7 formed 4 times more TRAP positive 
OC than OPC by Day 4 on tissue culture plastic. It is known that OC prefer rough 
surfaces to smooth surfaces [131][31][76] therefore the presence of a rougher P-TCP 
substrate should not reduce OC formation compared to smoother tissue culture 
plastic. Perhaps a combination of the interaction of cell culture medium with the 
surface of the P-TCP and the difference in surface energy of tissue culture plastic 
compared to P-TCP may have influenced RAW 264.7 OC formation and adhesion. 
Surface energy and surface chemistry have been shown to affect cell adhesion and 
cell spreading respectively [132],
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Calcination of dense P-TCP had no effect on resorption by the OPC or RAW 264.7 
OC in vitro or on OC formation and activity. This is in contrast to recent published 
data [128] where after 5 days there was a significant reduction in OPC TRAP activity 
for non-calcined P-TCP compared to calcined P-TCP. The study in [128] proposed 
that a change in surface dissolution capacity of the calcined and non-calcined P-TCP 
may have altered the OC adhesion and/or migration mechanism. No quantification 
of OC resorption on calcined and non-calcined P-TCP was reported in the study 
[128],
The current modifications to the OC assay from Chapter 3 experiments were as 
follows:
• An increase in the culture period from 6 days to 10 days, testing at 2 day 
intervals (for OPC only).
• A range of RANKL concentrations (0, 1, 5, 20ng/mL) were tested as opposed 
to simply using 35ng/mL.
• Addition of 15mM HC1 to cell culture medium after Day 6.
• Using a-MEM as the culture medium instead of DMEM.
• Changing the cell seeding density to 2.5 x 104 instead of 1 x 10’. 1 x 104, 1 x
105.
• Dense P-TCP compared to compacted P-TCP discs.
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Increasing the culture period allowed cells more time to mature and become active 
and increasing the frequency of testing days allows important events not to be 
missed. More timepoints were needed for RAW 264.7 cells in order to give a 
comprehensive overview of OC differentiation and function. Addition of 15mM HC1 
and the use of a-MEM may have played a role in acidifying the OC extracellular 
environment in favour of OC formation and activity and using a dense lightly 
polished substrate made it easier to see resorption pits on flatter surfaces.
4.4 Summary
The present study has shown that OC generated from OPC and RAW 264.7 cells 
display the same general trends when assessing OC differentiation and function with 
the exception of resorption pit shape and actin ring number. Calcination of dense |3- 
TCP had no effect on resorption by OPC or RAW 264.7 OC in vitro or on OC 
formation and activity. To interpret the results fully, more timepoints are required to 
investigate RAW 264.7 cells more comprehensively as an in vitro model for the OC 
resorption of CaP materials.
From this study, modifications for subsequent protocol development include:
• Justification for using 20ng/mL RANKE.
• Justification for the addition of 15mM HC1.
• Justification for the timepoint at which HC1 is added to culture medium.
• Recording of pH of the culture medium as an indication as to whether it is 
optimum for OC formation and activity.
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• Investigation of elemental ion release into culture medium and assess the 
effects on OC activity.
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5 Modifications to the development of an osteoclast assay for the assessment 
of RAW 264.7 osteoclast cells in vitro
5.1 Introduction
Analyses of Chapter 4 experiments (conducted in Switzerland) highlighted that;
• A different RANK.L dose and supplier was used for the generation of OC.
• There was no comparative control for the addition of HC1 at Day 6 to assess 
the effect of acid addition.
• There was no justification for the concentration of HC1 added (15mM).
• The number and activity of OC formed from RAW 264.7 cells peaked at day 
4. Time points were limited for RAW cells and further investigation is 
required.
• The gold sputtering and oblique light microscopy technique used for 
assessing area resorbed is subjective.
• From the SEM images, resorption on samples cultured with OPC displayed 
uniform attack rather than pitting.
The purpose of this chapter is to address and/or justify the first three bullet points 
above. Three preliminary studies were designed to further develop the OC assay;
Experiment C: To determine the effect of RANKE dose and supplier on the 
generation and activity of mature OC.
Experiment D: To determine the effects of HC1 addition to culture medium on P- 
TCP surfaces in a cell-free environment.
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Experiment E: To determine the effect HC1 addition to culture medium has on 
culture medium pH during incubation.
5.2 Experiment C
Chapter 4 experiments conducted in Switzerland used 20ng/mL RANKE 
(PeproTech) for the differentiation of OC. A decision was made to test both RANKE 
concentration and supplier as the initial protocol in Chapter 3 used 35ng/mL RANKE 
from R&D Systems. A preliminary experiment carried out in our lab testing the 
efficacy of R&D systems RANKE for the differentiation of OC found 70ng/mL 
RANKE to be more effective than 35ng/mL. Therefore the aim of this experiment is 
to compare the differentiation of OC after addition of RANKE at either a 
concentration of 20ng/mL (PeproTech), 50ng/mL (PeproTech) or 70ng/mL (R&D 
Systems).
5.2.1 Materials and Methods 
Cell culture of RAW 264.7 cells
RAW 264.7 cells (ATCC) at passage 6 were routinely cultured under standard 
conditions (37°C, 5% COil95% air) in a-MEM, supplemented with 1% (v/v) 
penicillin/streptomycin (Invitrogen) and 10% (v/v) FBS, (Sigma-Aldrich). RANKE 
was filter sterilised through a 0.2pm filter and added to complete culture medium at a 
final concentration of either 20ng/mL (PeproTech), 50ng/mL (PeproTech) or 
70ng/mL (R&D Systems). At day 0, cells were seeded onto 96-well tissue culture 
plates at a density of 2.5x104 cells/cnr. Culture medium and RANKE was replaced
on days 3 and 6. Cultures were tested on days 4, 5, 6 and 8. N=6 for all groups.
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TRAP Activity
OC TRAP enzyme activity was measured by the conversion of p-nitrophenyl 
phosphate (p-NPP) to p-nitrophenol (p-NP) in the presence of sodium tartrate. On 
days 4, 5, 6 and 8 RAW 264.7 cells were lysed with lOOpl lysis buffer (1M NaCl and 
0.1% Triton-X 100) and frozen. Once thawed, samples were assayed as per section 


















TRAP activity of RAW 264.7 cells






Figure 5.1: TRAP activity of RAW 264.7 cells cultured with various RANKL concentrations
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In general, TRAP activity is highest at Day 4 and decreases to Day 6 followed by and 
increase to Day 8 for all RANKL doses (Figure 5.1). Day 4 50ng/mL RANKL 
(PeproTech) yields the highest overall activity. There is little difference in TRAP 
activity between groups at Days 6 and 8. At Days 4 and 5, PeproTech RANKL 
concentrations (20 and 50ng/mL) yield higher TRAP activity results than the R&D 
Systems RANKL concentration of 70ng/mL. Taking the error bars into 
consideration, 50ng/mL RANKL (PeproTech) only produced marginally higher 
TRAP activity results compared to 20ng/ml RANKL (PeproTech).
PeproTech RANKL indicated that there was more OC differentiation compared to 
R&D Systems RANKL due to the increased TRAP activity results at lower 
concentrations. With that and taking the error bars into consideration a decision was 
made to choose 20ng/mL RANKL as the dose for future experimental work, 
adopting this as a permanent modification to the initial protocol.
5.3 Experiment D
Chapter 4 experiments conducted in Switzerland also added 15mM HC1 to cultures 
to promote a more acidic environment ideal for the resorptive activity of OC [41], In 
order to justify the addition of HC1 to the initial cell culture protocol as per Chapter 3 
the following cell free experiment was set up to investigate the HCl-material 
interaction.
The aim of this experiment was to compare the surface of (3-TCP discs before and 
after addition of HC1 in a cell free environment. This was to ensure that any pits 
observed previously on p-TCP discs are a result of cell mediated action rather than 
from dissolution as a direct effect of the presence of HC1.
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5.3.1 Materials and methods 
Preparation of p-TCP discs
Dense p-TCP cylinders were produced as described in Section 4.2.4.1. The cylinders 
were then cut into 4mm thick discs using a diamond wire saw (Struers Accutom-50). 
Each slice was flattened by manually grinding with silicon carbide paper grit P500 
(grain size 30pm) (Struers). Discs were then washed with 70% isopropyl alcohol 
(Sigma Aldrich) and sterilised by autoclaving at 121 °C for 30 minutes.
Discs were placed into 96-well plates and covered in 200pl of a-MEM, 
supplemented with 1% (v/v) penicillin/streptomycin (Invitrogen) and 10% (v/v) FBS, 
(Sigma-Aldrich). At Day 0 culture medium contained either, OmM HC1, lOmM HC1 
or 15mM HC1 and was incubated under standard conditions (37°C, 5% C02/95% 
air). A separate group of samples containing OmM HC1 was incubated at 37°C, 10% 
CO2/90% air. All samples (N=5) were incubated for 12 days. Medium with/without 
HC1 was replaced on Days 3, 6 and 9.
Element analysis
Concentrations of Ca and P ions were quantified using ICP-MS (Perkin Elmer 
Optical Emission Spectrometer, Optima 4300DV). Culture media from days 3, 6, 9 
and 12 were retained and diluted by a factor of 80 in dFEO (0.05ml sample to 3.95ml 
dfEO) for analysis (N=5).
Scanning Electron Microscopy
SEM was used to view the ceramic surface before and after incubation with media. 
Day 12 samples (N=3) were processed for SEM as described in Section 3.2.3.
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5.3.2 Results
Scanning Electron Microscopy
SEM analysis of the P-TCP discs showed that no pits were present after incubation 
with or without HC1 (Figure 5.2). Some samples displayed a residue on top of the 
disc surface. This residue is most likely to be: 1) protein plaques on the disc surface, 
presumably from crystallisation of proteins in the culture medium or 2) Silicon 
Carbide remnants from processing the discs, as the P-TCP discs before incubation 
with culture medium appear similar to the OmM HC1 control samples incubated in 
culture medium.
Element Concentration
There was a general decreasing trend in Ca ion concentration with time (Figure 5.3). 
OmM HC1 10% CO2 has the highest Ca ion concentration throughout whereas OmM 
HC1 5% CO2 has the lowest Ca ion concentration throughout. This can be attributed 
to the more acidic nature that results from increasing the percentage CO2 within the 
incubator [126], lOmM HC1 5% CO2 yields a marginally higher Ca ion 
concentration compared to 15mM HC1 5% CO2 however, is not significant due to 
considerable overlapping of error bars. Per condition there was higher Ca ion 
concentrations at the earlier time points of Day 3 and Day 6 compared to Days 9 and 
12. The reduction in ion concentration with time would indicate reprecipitation onto 
the P-TCP disc. The order of Ca ion concentration from highest to lowest is: OmM 
HC1 10% C02, lOmM HC1 5% C02, 15mM HC1 5% C02 and OmM HC1 5% C02. 
The same general trends in Ca ion concentration were observed for P ion 
concentration (Figure 5.4). The level of P ions were approximately half that of the 
Ca ion concentration.
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Assessing the release profiles for 15mM HC1 5% CO2 (as used in Switzerland 
Experiments) and OmM HC1 5% CO2 (as used in the initial protocol) there is very 
little difference in Ca ion concentration after Day 3. Combined with the SEM 
micrographs (Figure 5.2) of the P-TCP surfaces it can be concluded that the pits 
obtained in Switzerland using 15mM HC1 at 5% CO2 were cell-mediated rather than 
by dissolution mechanisms caused by the presence of HC1.
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Figure 5.2: Scanning electron microscopy of p-TCP discs before and after incubation (Day 12) 
with various HC1 concentrations, (a) P-TCP disc before incubation (b) OmM HC1 incubated at 10% 
C02 (c)0mM HCI incubated at 5% C02 (d) lOmM HC1 incubated at 5% C02(e) 15mM HC1 incubated 
at 5% C02 Magnification x450, scale bar 10pm.
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Figure 5.3: Bar chart and line graph of calcium ion concentration in culture medium incubated 
with various concentrations of HC1 or percentage C02.
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Phosphate Ion Concentration
□ OmM HCL 5% C02 
lOmM HCL 5% C02 
15mM HCL 5% CG2 
OmM HCL 10% C02
Day 3 Dav 6 Day 9 Day 12
Phosphate Ion Concentration
■OmM HCL 5% C02 
• lOmM HCL 5% C02 
-15mM HCL 5% CG2 
■OmM HCL 10% C02
Figure 5.4: Bar chart and line graph of phosphate ion concentration in culture medium 
incubated with various concentrations of HC1 or percentage C02.
106
Chapter Five Modifications to the development of an osteoclast assay
5.4 Experiment E
A further cell free investigation was conducted to assess the effects of HC1 addition 
on the pH of the culture medium with time. The aim of this experiment was to 
investigate if HC1 addition to the culture medium brings culture medium pH close to 
the optimal range of pH 6.95 for increasing OC resorptive activity [41],
5.4.1 Materials and Methods
Preparation of p-TCP discs
Dense p-TCP cylinders were produced as described in Section 4.2.4.1. The cylinders 
were then cut into 4mm thick discs using a diamond wire saw (Struers Accutom-50). 
Each slice was flattened by manually grinding with silicon carbide paper grit P500 
(grain size 30pm) (Struers). The following grinding and polishing cycle was then 
carried out on one surface of the disc:
• SiC P400 - 3 minutes or until planar
• SiC P1200 - 3 minutes
• SiC P2500 - 3 minutes
• SiC P4000 - 3 minutes
• Final polish on Masterpolish cloth - 3 minutes (All consumables Beuhler)
Discs were then washed with 70% isopropyl alcohol (Sigma Aldrich) and sterilised 
by autoclaving at 121°C for 30 minutes.
15 discs were placed into 96-well plates and covered in 200pl of a-MEM, 
supplemented with 1% (v/v) penicillin/streptomycin (Invitrogen) and 10% (v/v) FBS,
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(Sigma-Aldrich) and incubated under standard conditions (37°C, 5% C02/95% air). 
A separate group of samples (N=5) were incubated at 37°C, 10% CO2/90% air. All 
samples were incubated for 12 days. Media was replaced every three days. Of the 
15 samples incubated under standard conditions 5 of these received lOmM HC1 and 5 
received 15mM HC1 when media was replaced on Days 3, 6 and 9. The remaining 5 
samples received no HC1. The overall group names to be tested were as previous: 
OmM HCI 5% CO2, lOmM HC1 5% CO2, 15mM HC1 5% CO2 and OmM HC1 10% 
CO2.
PH
pH levels were recorded using a Hanna Micro refillable pH electrode and a Hanna 
pH Meter (Analab,UK). Culture media was analysed daily (N=5). lOpl of culture 
medium was placed into a 1.5ml Eppendorf vial and the lid of the vial was sealed 
immediately. Sample sets that were not being analysed immediately were placed 
into the respective incubator. The pH electrode was rinsed with dH20 between 
readings.
5.4.2 Results
The Initial pH levels from Day 0 to Day 3 highlight the effect of increasing the 
percentage CO2 in the absence of HCI. An increase in percentage CO2 to 10% 
increased the acidity of the culture medium. At Day 0 the culture medium had a pH 
level of 8.04 and after one day incubation the pH level for culture medium at 5% 
CO2 was ~ pH 8.25 whereas the pH level at 10% CO2 was -pH 7.65 (Figure 5.5). 
This indicates that increasing the % CO2 has an acidifying effect on culture medium. 
When CO2 reacts with water (H2O) carbonic acid (H2CO3) is formed and can
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subsequently break up into hydrogen (HT) and bicarbonate ions (HCO3'). It has been 
shown that increasing the % CO2 allows acidification of culture medium whilst 
HCO3" remains constant [133],
After addition of acid at Day 3 there is a significant reduction in pH for lOmM and 
15mM HC1 groups at 5% CO2, as expected. Direct addition of HC1 to culture 
medium has been shown to reduce pH by reducing HCO3" [133], The OmM HC1 10% 
CO2 group also had a significant reduction in pH after Day 3 whereas the OmM HC1 
5% CO2 group remained relatively constant. All groups become more alkaline with 
time between culture medium changes (Days 3, 6 and 9). There is an initial 
reduction in pH after medium change followed by a stabilisation phase.
After a change in culture medium at Day 6 the 15mM HC1 5% CO2 group becomes 
the most acidic group for the remainder of the study. Ranging from more alkaline to 
more acidic the trend after Day 6 is as follows: OmM HC1 5% CO2, lOmM HC1 5% 
CO2, OmM HC1 10% CO2 and 15mM HC1 5% CO2. This shows that after Day 6 the 
addition of 15mM HC1 to culture medium at 5% CO2 has the potential to acidify 
culture medium to a greater extent than increasing the percentage CO2. The 15mM 
HC1 5% CO2 group had the most acidic pH level at Day 10 (pH 7.36) and was the 
closest to the optimal pH 6.95 reported for resorption pit formation [41],
This experiment was carried out in a cell free environment. Metabolic activity of 
cells is acidic in nature and further reduces culture medium pH. With the optimal 
pH for OC formation between pH 7.35-7.4 [134] the pH results of this experiment 
indicate that 15mM HC1 added to culture medium at 5% CO2 may provide sufficient 
acidification to firstly allow OC formation at a higher pH (pH ~7.4) followed by 
optimisation of activity and resorption pit formation at a lower pH with time.
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pH of culture medium at varying HCL concentrations
9 10 12
OmM (5% C02)
------ lOmM (5% C02)
------15mM (5% C02)
------ OmM (10% C02)
Figure 5.5: pH of culture medium incubated with various concentrations of HCI or percentage
co2.
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5.5 Overall Conclusions
After assessing the effects of adding 15mM HC1 to culture medium the following 
conclusions were drawn:
• There was no difference in the surface of the (3-TCP disc before and after 
incubation with or without HC1 addition to cell culture medium.
• ISmM HC1 addition produced calcium and phosphate ion concentrations 
close to OmM HC1 at 5% CO2 and therefore did not impact the normal 
functioning of the (3-TCP disc in culture medium.
• The resorption pits obtained in Switzerland using 15mM HC1 at 5% CO2 
were cell-mediated rather than by dissolution mechanisms caused by the 
presence of HC1.
• Addition of 15mM HC1 to culture medium at 5% CO2 in a cell free 
environment acidified the culture medium to a near optimal level for OC 
formation after Day 6.
• Further acidification of culture medium is expected with the inclusion of 
cells to culture medium, due to cellular metabolic activity. Further 
acidification is desired when trying to increase resorption pit formation by 
OC.
Considering the above conclusions, 15mM HC1 will be added to culture media as a 
permanent modification of the initial protocol to ensure acidification of the culture 
medium for the optimisation of OC formation and resorption.
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The final modifications to the OC assay are as follows:
• 20ng/mL RANKL (PeproTech) will be added to culture medium for the 
differentiation of OC.
• 15mM HC1 will be added to culture medium from Day 3 to optimise OC 
formation and activity.
The optimised OC assay will be used to generate RAW 264.7 OC for the resorption 
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6 Surrogate outcome measures of in vitro osteoclast resorption of calcium 
phosphate ceramics
6.1 Introduction
The traditional in vitro method used to assess resorbability of bone substitutes is a 
cell-based resorption assay, alternatively known as a ‘pit’ assay, developed by Boyde 
[57] and Chambers [40], The initial assay was developed using dentine and bone 
respectively [57][40], but is now routinely used to understand biomaterial resorption. 
OCs are cultured on the bone substitute surfaces for specific periods and then 
detached, at which point the excavated areas (pits) beneath the cells can be analysed 
by SEM.
There are three fundamental options used when quantifying resorption; pit number, 
pit area and pit volume. The simplest method is to determine the number of pits, 
which can be quantified using reflected light microscopy (RLM), where staining is 
not required [135] or by light microscopy (LM) using simple staining techniques, 
such as toluidine blue and acid haematoxylin [67]. Pit area can be quantified using 
image analysis software applied to SEM or LM. These methods are very time 
consuming, labour intensive, and do not easily translate to quantification of 
resorption on porous materials where visualisation of internal structures is difficult. 
Ideally, pit volume would be the best method when quantifying resorption as both pit 
area and depth can be calculated. However, the required equipment is both expensive 
and specialised [67][136][137][138][139], Thus, there is an imperative for an 
appropriate measure of resorption that is efficient and more cost-effective than the 
current available in vitro methods, which can be adopted for both porous and dense 
calcium phosphate ceramics.
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Other methods used to indicate OC resorption are based on their activity, generally 
assessed using biochemical markers such as the OC specific enzyme, tartrate 
resistant acid phosphatase (TRAP). TRAP activity is commonly measured using 
either a colorimetric method [127][140] or by using an enzyme-linked 
immunosorbent assay (ELISA) which uses TRAP specific antigen-antibody reactions 
to measure TRAP activity [141][142][143][144], also measured by absorbance. 
Another commonly used in vitro biochemical assay is a colorimetric calcium assay 
[64][95] .
Many of the methods listed above are suitable as indicators of OC resorption on the 
basis of biomaterial biocompatibility, identifying possible mechanisms that modulate 
the rate of resorption or for the investigation of drug-OC interactions and their effect 
on resorption. However, there has been no systematic attempt to identify an outcome 
measure of OC resorption that directly correlates with pit measurements and is 
transferrable through a broad range of in vitro experiments.
The aim of this study was to establish the suitability of several outcome measures as 
possible indicators of osteoclastic resorption in vitro. This study investigated the 
correlation of Ca and P mineral release into cell culture medium with the percentage 
area resorbed in vitro, OC number and activity. In order to accurately correlate pit 
area with the alternative outcome measures the assay was carried out using dense P- 
TCP. The rationale for using a dense substrate was two-fold. Firstly, it allowed pit 
formation and area to be analysed devoid of material anomalies or pores, which are 
frequently observed with less dense substrates and can give rise to discrepancies 
within results. Secondly, the current 2D methods for measuring resorption perform 
best on a substrate free from imperfections.
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6.2 Materials and Methods
6.2.1 Preparation of ceramic discs
Dense P-TCP cylinders were produced in accordance with Section 4.2.4.1. The final 
cylindrical samples (diameter 3.8 mm x 30 mm) were cut into 3 mm thick discs using 
a diamond saw (Struers Accutom-50). Each disc was mounted in acrylic resin 
(Varidur 3000, Buehler) and ground (Buehler Alpha Grinder-Polisher) on one side 
using silicon carbide papers of decreasing grade (P400, PI200, P2500, P4000) 
followed by a final polish using a 0.05pm alumina and silicon oxide suspension 
(Buehler). Each grinding and polishing stage was conducted for 3 minutes. Polished 
discs were removed from the acrylic resin using a 48 hour soak in chloroform, then 
washed with 70% isopropyl alcohol (Sigma Aldrich) and sterilised by autoclaving at 
121°C for 30 minutes.
6.2.2 Cell culture of RAW 264.7 cells
RAW 264.7 cells (ATCC) were routinely cultured under standard conditions (37°C, 
5% C02/95% air) in a-MEM medium, supplemented with 10% (v/v) foetal bovine 
serum (FBS), 1% (v/v) penicillin/streptomycin and 4mM L-glutamine (all reagents 
Invitrogen). At day 0, cells were seeded onto the polished side of P-TCP discs at a 
density of 2.5x104 cells/cm'. To initiate differentiation, RANKE (PeproTech) was 
filter sterilised (0.2pm filter) and added to complete culture medium at a final 
concentration of 20ng/mL. Culture medium and RANKE was replaced every 3 days. 
15mM HC1 (Sigma Aldrich) was added to cultures on days 3, 6 and 9. Cultures were 
maintained for 12 days. N=6 for all conditions.
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6.2.3 Actin staining of cells
At day 6, 8, 10 and 12, cultures were fixed and stained with AlexaFluor 488 
Phalloidin and DAPI dilactate (Invitrogen) in accordance with Section 4.2.4.4. 
Cultures were imaged under fluorescence microscopy (Leitz-Laborlux D) at xl6 
magnification. The surface area (SA) analysed per field of view was 1mm . Based 
on four fields (SA 4mm2), 35% of a 3.8mm disc (SA 11.34mm2) was analysed. 
Actin ring number was calculated from the mean of the fields (N=6). Multiple actin 
rings within an OC were counted individually with an osteoclast defined as having 
three or more nuclei.
6.2.4 TRAP staining and activity
OC differentiation was determined using a TRAP staining kit (Sigma-Aldrich). On 
day 6, 8, 10 and 12, cultures were fixed in citrate/acetone solution for 30 seconds, 
washed in df^O and air dried for 15 minutes. Cultures were then covered in a 
solution containing napthol AS-BI phosphoric acid and fast garnet GBC salt and 
incubated for 1 hour at 37°C in the dark. Cultures were rinsed with dTBO for 3 
minutes and allowed to air dry before viewing under LM (Leitz-Laborlux D) at xl6 
magnification. The method for counting the mean number of TRAP positive OC 
cells was similar to the actin ring count (Section 6.2.3). Using four fields of view, 
35% of a 3.8mm disc was analysed.
OC TRAP activity was carried out in accordance with Section 4.2.1.5 for Days 6, 8, 
10 and 12 (N=6). Optical absorbance was read at 405nm on a microplate reader 
(Genios, Tecan, Austria) and TRAP activity was quantified against a standard curve 
(P-NP).
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6.2.5 pH
pH levels were recorded using a Hanna Micro refillable pH electrode and a Hanna 
pH Meter (Analab.UK). Culture medium was analysed daily for culture medium 
containing cells (N=6) and on Days 0, 3, 6, 9 and 12 for cell free culture medium 
(N=6). lOpl of culture medium was placed into a 1.5ml Eppendorf vial and the lid of 
the vial was sealed immediately. Sample sets that were not being analysed 
immediately were placed into the respective incubator. The pH electrode was rinsed 
with dH20 between readings.
6.2.6 Elemental analysis
Elemental concentrations of Ca and P ions were quantified using 1CP-MS (Perkin 
Elmer Optical Emission Spectrometer, Optima 4300DV). Culture media from days 
3, 6, 9 and 12 were retained and diluted by a factor of 80 in dH20 (0.05ml sample to 
3.95ml dfEO) for analysis (N=6).
6.2.7 SEM of resorption pit formation by osteoclasts
Day 6, 8, 10 and 12 cultures on discs were washed and fixed in accordance with 
Section 3.2.3. The dried specimens were then sputter coated with gold using a 
Polaron E5150 sputter coater and viewed on a Jeol SEM at 15kV (N=6).
6.2.8 Quantification of resorption pit area
Resorption pit area measurements were performed using Image J vl.45 software 
(National Institute of Health. Bethesda, USA). A threshold function was used to 
convert the SEM image into binary mode followed by a particle analysis function to 
quantify the percentage area resorbed by the RAW 264.7 OC cells. At xlOO 
magnification (SA 1.13mm2/field of view), 30% of a 3.8mm disc was analysed. The
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percentage area resorbed was calculated from the mean of the fields (3 fields/sample, 
N=6). A resorption pit was defined as an excavated area >30 pm in diameter.
6.2.9 Statistics
Statistical Analysis for all outcome measures was carried out using SPSS v.18 
software (IBM, USA). Kolmogorov-Smirnov and Shapiro-Wilk normality tests were 
conducted and all groups were normally distributed except for the percentage area 
resorbed group (Area). Logarithm transformation of Area (LogArea) data was 
normally distributed. Differences between treatment groups were assessed using 
ANOVA with a post-hoc, Bonferroni test. Relationships between each outcome 
measure were investigated using the Pearson’s correlation test. A p-value of less 
than 0.05 was considered statistically significant. A total of six samples were used 
per time point for all conditions.
6.3 Results
6.3.1 TRAP activity and TRAP positive osteoclast number
TRAP activity increased from Day 6 (AU 0.61) to Day 10 (AU 1.02) and decreased 
at Day 12. TRAP activity for cells/+RANKL was the same at Days 8 and 12 with a 
mean absorbance of 0.87 AU (
Figure 6.1). CellsZ-RANKL control samples displayed similar absorbance readings to 
cells/+RANKL samples at Days 4 and 12 and TRAP activity for Day 12 cellsZ- 
RAMKL (monocytes only) was higher than Day 6 cellsZ+RANKL (OC present) 
indicating that RAW 264.7 monocytes produce a basal level of TRAP enzyme 
regardless of RANKL stimulation and thus TRAP activity alone is not a reliable
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quantitative outcome measure for OC activity. TRAP activity is however a useful 
indicator for OC number.
Formation of TRAP positive OC occurred from Day 6. The mean number of TRAP 
positive OC increased from Day 6 (9 OC) to Day 10 (28 OC) and decreased at Day 
12 (17 OC) (Figure 6.2). TRAP positive OC results support the trends observed for 
TRAP activity. The largest change in OC number was from Day 8 to Day 10 
increasing by 87% (15 OC to 28 OC respectively), followed by a 40% decrease from 
Day 10 to Day 12.
6.3.2 Actin ring formation and number
Actin ring formation did not follow the same trends observed with TRAP positive 
OC count and TRAP activity results. Large standard deviations were observed for 
all timepoints (Figure 6.2). Fluorescence microscopy (Figure 6.3) indicated that the 
size and shape of actin rings formed changed with time. At the earlier timepoint of 
Day 6 there were smaller actin rings than Day 10 or 12. Day 8 displayed a range of 
actin ring size from small to large. Most Day 10 and Day 12 actin rings were large 
and covered a lot of the sample surface compared to the earlier timepoints. This 
variation in actin ring size may explain such large standard deviations.
Both Day 6 and Day 10 had the same mean number of actin rings (mean actin ring 
number 11. n=6) (Figure 6.2). Thus, actin ring number as a function of mean actin 
rings formed can be misleading. Results displayed as a ratio of the mean number of 
actin rings to TRAP positive OC show a distinct decreasing trend in the ratio of actin 
rings to TRAP positive OC with time (Figure 6.4). Standard deviation remains high 
however there is a 3 fold decrease in the ratio of actin rings to TRAP positive OC 
from Day 6 to Day 10.
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6.3.3 pH of culture medium
pH values of culture medium were similar for cells +/- RANKL (Figure 6.5) with a 
general decrease in pH up to Day 8 followed by a slight increase until Day 12. Days 
5 and 6 exhibited the most difference in pH between cells +RANKL and cells - 
RANKL with cells +RANKL having a decreased pH. At Day 8, cells +RANKL and 
cells -RANKL displayed near exact pH levels, pH 6.87 and pH 6.85 respectively.
After addition of 15mM HC1 to culture medium at Day 3, a marked difference in pH 
can be observed between cell cultures and cell free cultures (Figure 6.5). Cell free 
culture medium decreased by an overall pH difference of 1.0 from Day 3 to 12 (pH 
8.44 to 7.44 respectively). Cells +RANKL and cells -RANKL culture medium 
decreased by an overall pH difference of 1.03 and 0.83 respectively. The overall pH 
change in each group was similar (-1.0 pH unit) however, cell free culture medium 
pH remained at a higher level (more alkaline) throughout. Cell free culture medium 
pH continued to decrease throughout whereas culture medium containing cells had a 
decrease throughout followed by a slight increase from Days 9 to 12.
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Figure 6.2: Mean Number of Actin Rings and TRAP positive Osteoclasts formed.
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Figure 6.3: Fluorescence microscopy of RAW 264.7 OC actin rings. xl6 magnification., (a)- (d) 
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Figure 6.4: Ratio of Actin rings to TRAP positive OC per high Power Field.
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Figure 6.5: pH of culture medium with and without RAW 264.7 cells.
6.3.4 Element concentrations in culture medium
Mineral ion release into culture medium was time dependent and reflected the trends 
observed with TRAP activity and OC number. Ca ion concentration increased from 
Days 3 to 9 and a decreased at Day 12 whereas P ion concentration remained 
relatively stable from Days 3 to 9 and decreased at Day 12 (Figure 6.6).
Basal Ca ion concentration in culture medium was 40mg/L. There was a significant 
increase in Ca ion concentration with time with maximum Ca ion concentration of 
66.8mg/L at Day 9. Days 3 and 9 exhibited a highly significant difference in Ca ion 
concentration in culture medium with cells compared to culture medium without 
cells (***p<0.001). Basal P ion concentration in culture medium was 25mg/L. 
Maximum P ion concentration occurred at Day 9 (36.5mg/L). Significant differences
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were also observed for culture medium with cells compared to culture medium 
without cells at Days 9 and 12 (** p<0.01).
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** p<0.01, ***p<0.001
Figure 6.6:lVlean Ca and P ion concentration in cell culture medium after 12 days. Basal Ca ion 
concentration in culture medium was 40mg/L. Basal P ion concentration in culture medium was 
25mg/L.
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6.3.5 Resorption pit formation and quantification of resorption
Light coloured areas on SEM micrographs represent resorption pits (Figure 6.7). 
Resorption pits formed were circular or lobe shape and were not observed until Day 
8. Resorption significantly increased at Day 8 (Figure 6.8). At x 100 magnification, 
30% of the total surface of the (3-TCP sample was analysed. Maximum surface 
resorption recorded was ~20%. There was no significant difference in percentage 
area resorbed between Days 8 and 12 and standard deviation was large within each 
timepoint (Figure 6.8). Higher magnification SEM micrographs illustrate that 
resorption pits appear deeper with time (Figure 6.7).
6.3.6 Statistical analysis
Statistical analysis showed all outcome measures to have a highly significant 
difference when assessed as a function of time. A One way ANO VA was carried out 
on all outcome measures and the relationship between each outcome measure was 
correlated (Table 6.1).
Results for TRAP activity and TRAP positive OC count showed good correlation 
with each other (r = 0.670**). OC count also showed good correlation with Ca ion 
concentration (r = 0.708**). Ca ion concentration showed good correlation with pH 
(r=-0.740**). Log area had a moderate correlation with TRAP activity, OC count 
and Ca ion concentration (r = 0.447*, 0.450* and 0.599 respectively). Negative 
correlations were observed between pH and Ca ion concentration (r = -0.740**), pH 
and OC count (r = -0.420**) and pH and actin ring coun (r = -0.359*).
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Figure 6.7: SEIM micrographs of p-TCP resorption by RAW 264.7 OC after 12 days, (a-b) Day 4, 
(c-d) Day 6, (e-f) Day 8, (g-h) Day 10 (i-j) Day 12. (a c, e, g, i) xlOO magnification, scale bar 100pm, 
(b, d, f, h, j) x800 magnification, scale bar 10pm.
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Figure 6.7 continued: SEiM micrographs of (i-TCP resorption by RAW 264.7 OC after 12 days.
(a-b) Day 4, (c-d) Day 6, (e-f) Day 8, (g-h) Day 10 (i-j) Day 12. (a c, e, g, i) xlOO magnification, 
scale bar 100pm, (b, d, f, h, j) x800 magnification, scale bar 10pm.
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Figure 6.8: Percentage surface area resorbed by RAW 264.7 OC after 12 days.
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Table 6.1: Correlation table representing statistical analysis carried out on all outcome 
measures. The top figure in each row represents the Pearson correlation factor (r) showing the 
strength of correlation and the bottom figure indicates the significance of the results (p-value). TRAP 
= TRAP activity, AR = Actin ring count, OC = TRAP positive OC count, Ca = Ca ion concentration, 
P = P ion concentration, AR:OC = Ratio of actin ring to TRAP positive OC, logArea = log of the 
percentage area resorbed. **Correlation is significant at the 0.01 level, * Correlation is significant at 
the 0.05 level.
TRAP PH AR OC Ca P AR:OC logArea
TRAP 0.381" 0.670" 0.572* -0.775*’ 0.447*
0.010 <0.001 0.013 <0.001 0.037
PH -0.359* -0.420** -0.740** 0.385"
0.015 0.003 <0.001 <0.001
AR 0.381" -0.359* 0.553" 0.625"
0.010 0.015 <0.001 <0.001
OC 0.670" -0.420** 0.553" 0.708” -0.492* 0.450*
<0.001 0.003 <0.001 <0.001 0.017 0.036
Ca 0.572* -0.740** 0.708** 0.599
0.013 <0.001 <0.001 0.510
P -0.775** 0.385" -0.783"
<0.001 <0.001 0.004
AR:OC 0.625" -0.492* -0.439’
<0.001 0.017 0.046
Log Area 0.447* 0.450* -0.783" -0.439*
0.037 0.036 0.004 0.046
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6.4 Discussion
The aim of this study was to identify an outcome measure(s) of OC resorption that 
directly correlates with OC pit measurements and is transferrable through a broad 
range of in vitro experiments. This study investigated the correlation of Ca and P 
mineral release into cell culture medium with the percentage area resorbed in vitro, 
OC number and activity. In order to accurately correlate pit area with the alternative 
outcome measures the assay was carried out using dense P-TCP.
OC TRAP activity results increased from Day 6 to Day 10 and decreased thereafter. 
Cells -RANKL control samples displayed similar absorbance readings to cells 
+RANKL samples at Days 4 and 12 and TRAP activity for Day 12 cells/-RANKL 
(monocytes only) was higher than Day 6 cells/+RANK.L (OC present) indicating that 
RAW 264.7 monocytes produce a basal level of TRAP enzyme regardless of 
RANKL stimulation and thus TRAP activity alone is not a reliable quantitative 
outcome measure for OC activity.
Active OC express higher levels of TRAP activity compared to inactive OC [145]. A 
possible explanation why Day 12 cells +RANKL (0.87 AU) were close to Day 12 
cells -RANKL (0.8AU) could be that Day 12 cells -RANKL samples were covered 
in a confluent monolayer of monocytes or mononuclear prefusion OC that express 
TRAP activity [56] and Day 12 cells +RANKL samples previously contained mature 
active OC of which were no longer active. Thus, TRAP activity levels for cells 
+RANKL decreased to a similar level as cells -RANKL due to the level of 
confluency (i.e. individual monocytes express less TRAP activity compared to active 
OC however the level of TRAP activity observed is a cumulative effect due to the 
number of monocytes present relative to the number of OC).
OC have been shown to secrete more TRAP in vitro than in vivo, suggesting that 
TRAP is secreted more readily in vitro but may be regulated more efficiently in a
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receptor-mediated microenvironment in vivo [127]. To back up any trends in TRAP 
activity a TRAP positive OC count was performed where an OC was denoted as 
having 3 or more nuclei. TRAP positive OC results supported the trends observed 
for TRAP activity with an increase in OC number from Day 6 to Day 10 followed by 
a 40% decrease from Day 10 to Day 12. Results for TRAP activity and TRAP 
positive OC count showed good correlation with each other (r = 0.670**) indicating 
that TRAP activity is an indicator of OC number.
When an OC is polarised on a substrate surface a sealing zone forms containing a 
dense ring of actin. The presence of the actin ring is indicative of the resorptive 
phase of the OC [4][31][36]. This study aimed to assess the suitability of actin ring 
formation as an indicator of OC resorption. Actin ring number was assessed. Actin 
ring formation did not follow the same trends observed with TRAP positive OC 
count and TRAP activity results. Large standard deviations were observed for all 
timepoints. One may expect to see an increase in actin ring formation with an 
increase in OC number however this was not the case. Observations from 
fluorescence microscopy indicated that the size and shape of actin rings formed 
changed with time. This variation in actin ring size may explain such large standard 
deviations. In general, actin ring size increased with time. This resulted in a 
decreasing trend in the ratio of actin rings to TRAP positive OC with time. An 
alternative method may be to record the diameter of individual actin rings rather than 
counting actin rings. This may correlate better with OC resorption activity where pit 
area measurements are used to determine activity.
The pH of culture medium was assessed as a means of looking at the conditions of 
the culture medium with time and to aid interpretation of any resorption trends 
observed. pH values are similar for both cells +/- RANKL groups. Overall 
environmental pH within a single well is buffered by cells and the CO2 environment 
within the incubator [133]. OC exhibit a change in pH when they are in their active
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state but this change is within a localised region beneath the cell delineated by the 
sealing zone and ruffled border [46][47][45], Therefore cells +RANKL groups did 
not generally exhibit an overall significant decrease in pH (increase in acidity) 
compared to cells -RANKL, as any acidic effects were localised to specific 
delineated sites underneath the osteoclast. However, pH levels were lowest at Day 8 
where a significant increase in resorption pit formation was observed. The pH of 
cells +RANKL at Day 8 was pH 6.87. The pH required for optimal resorption 
activity of rat OC is pH 6.95[41], Previous experimental work (Chapter 5, Section 
5.4.2) investigating the effects of 15mM HC1 addition to culture medium in the 
absence of cells recorded pH 7.52 after 8 days in culture. It was hypothesised that 
the metabolic activity of cells, acidic in nature, would further reduce culture medium 
pH. Cell metabolic activity produces CCA and H^O. The bicarbonate buffering 
system used in most culture media is standardized for either 5% or 10% C02. C02 is 
highly soluble in water and produces carbonic acid (H2CO3) that ionizes to H+ and 
HCO3". Increased cell activity increases the amount of CO2 which produces more H+ 
ions and acidifies the medium. This experiment has proven that addition of OC to 
acidified culture medium does further reduce pH (pH 7.52, previous cell free 
experiment to pH 6.87, current experiment). The optimal pH for OC formation is 
between pH 7.35-7.4 [134], The recorded pH for Day 5 and 6 was pH 7.15 and 7.14 
respectively. Not within, but close to the optimal range reported for OC formation 
the pH levels coincided with an increase in both TRAP activity (from Day 5) and OC 
number (from Day 6). The pH results of this experiment indicate that 15mM HC1 
added to culture medium provided sufficient acidification to firstly allow OC 
formation at a higher pH (pH ~7.1) followed by optimisation of activity and 
resorption pit formation at a lower pH (pH -6.87) with time.
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Mineral ion release into culture medium was assessed as a potential indicator of OC 
resorption based on the mechanism of OC-mediated resorption of CaP ceramics 
[146][121], When an OC attaches to CaP, it secretes HC1 [46][47] and enzymes 
[49][50][51] to digest the inorganic Ca and P ions forming a resorption pit under the
actively resorbing OC. These ions are taken up by the OC, processed and released
2+
into the extracellular environment. As the inorganic mineral dissolves, the Ca 
concentration within the microenvironment can increase from 8- 40 mmol/L (320 - 
1600 mg/L) [46], This local increase in Ca2* concentration increases intracellular
calcium promoting margin retraction and OC cell dehesion [112], ceasing resorption. 
After detachment of OC from the CaP the accumulated by-products of resorption are 
released into the extracellular environment. This sequence of events highlights how 
an increase in extracellular calcium, produced during active resorption, creates a 
negative feedback loop to prevent further resorption.
With that, as OC number and activity increases one would expect mineral ion release 
into culture medium to increase, to a point. This expectation was correct; mineral 
ion release into culture medium is time dependent and reflects the trends observed 
with TRAP activity and OC number. Ca ion concentration increased from Days 3 to 
9 and a decreased at Day 12 whereas P ion concentration remained relatively stable 
from Days 3 to 9 and decreased at Day 12. Significant differences in Ca 
(***p<0.001) and P (** p<0.01) ion concentration in culture medium were observed 
between cell groups and no cell control groups.
Increases in extracellular calcium from 2-4mmol/L (80-160mg/L) have been shown 
to reduce resorption by 50% [1 13]. The Basal level of Ca in the culture medium was 
40mg/L. Our results showed total Ca concentration in culture medium at Days 9 and 
12 to be 66.8mg/L and 61.0mg/L respectively. Thus OC activity increased 
extracellular calcium concentration by 26.8mg/L and 21.0mg/L on Days 9 and 12
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respectively. Considering extracellular calcium concentrations of 80-160mg/L can 
reduce resorption by 50% [113] one could presume that extracellular calcium 
concentrations of 40-80mg/L and 20-40mg/L could reduce resorption by 25% and 
12.5% respectively. However our results did not show a reduction in resorption after 
12 days with a total extracellular calcium concentration of 61 .Omg/L. Therefore, one 
could reason that the reduction in extracellular Ca recorded by 1CP-MS at Day 12 
may directly correlate with the reduction in OC number and activity at Day 12. Ca 
ion concentration showed good positive correlation with OC count (r = 0.708**) and 
negative correlation with pH (r=-0.740**, as pH reduced Ca ion concentration 
increased) highlighting its potential as an outcome measure of OC resorption in vitro.
Percentage area resorbed significantly increased at Day 8 and maximum P-TCP 
surface resorption was -20%. There was no significant difference in percentage area 
resorbed between Days 8 and 12 and standard deviation was large within each 
timepoint. Large standard deviations were observed for all timepoints. Higher 
magnification SEM micrographs illustrated that resorption pit depth appears to 
increase with time due to an increase in ‘whiteness’ of the pit areas with time. This 
may explain why no significant difference was observed when resorption results 
were presented as mean percentage area resorbed. The resorption pits may not 
increase in diameter but grow deeper and any changes may in fact be significant with 
depth. One could suspect the following sequence of events may have occurred after 
analysing results from the other outcome measures:
• At Day 8 resorption pits were formed
• At Day 10 resorption pits may have got deeper therefore changes in volume 
may be expected rather than increases in percentage area resorbed.
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• At Day 12 OC number, TRAP activity and Ca release into culture medium 
had reduced indicating OC were less active and potentially dying off. 
Therefore resorption pit formation would have stabilised and no change in 
percentage area resorbed would be evident.
Log area had a moderate correlation with TRAP activity, OC count and Ca ion 
concentration (r = 0.447*, 0.450* and 0.599 respectively). Resorption pit area 
measurements may not be the most reliable outcome measure for assessing OC 
resorption especially considering the influence of heterogeneous cell spreading and 
OC formation across the sample, both of which increase standard error.
Statistical analysis showed 1CP-MS, OC number and TRAP activity measurements to 
give a more conclusive picture than resorption pit area measurements alone. TRAP 
activity had good correlation with the number of TRAP positive OC (r = 0.670**) 
and TRAP positive OC number had good correlation with Ca ion release (r = 
0.708**). All of which (TRAP activity, TRAP positive OC number and Ca ion 
release) had moderate correlation with log Area (r = 0.447*, 0.450* and 0.599 
respectively).
6.5 Summary
The present study has shown that OC generated from RAW 264.7 cells attach to and 
degrade [3-TCP in vitro. Evidence of TRAP activity, mineral release and resorption 
pit formation together provide the basis of this conclusion. Modifications to the OC 
assay were considered appropriate for the optimisation of RAW 264.7 OC formation 
and activity on P-TCP and RAW 264.7 OC were deemed as a suitable in vitro model 
for OC resorption of CaP materials.
The following highlights the suitability of the outcome measures assessed in this 
study as indicators of resorption in vitro:
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• Total actin rings formed was an unsuitable measure of resorption due to 
variations in actin ring number and size giving inconclusive results.
• TRAP activity is a useful indicator of OC number and activity and is best 
used in conjunction with another outcome measure to indicate resorption.
• Total TRAP positive OC formed is a useful indicator of OC number and is a 
good to back up TRAP activity results but is very time consuming.
• SEM is an excellent indicator of resorption however is time consuming and 
pit area measurements alone are unsuitable.
• Ca ion release into culture medium is a suitable indicator of resorption.
ICP-MS, used to quantify Ca ion release into culture medium, coupled with TRAP 
activity measurements and SEM, may be an effective outcome measure for the 
prediction of OC mediated resorption of CaPs in vitro. ICP-MS and TRAP activity 
are:
• suitable indicators of OC resorption
• transferrable through a broad range of in vitro experiments
• cheaper and quicker than the current 2D methods used to quantify resorption.
In certain circumstances it may not be possible to measure pit area as an indicator of 
OC resorption for example, in porous scaffolds. ICP-MS and TRAP activity 
therefore have the potential for use as indicators of OC resorption for porous 
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7 Overall Discussion, Conclusions and Future work related to the in vitro OC 
resorption of CaP bone substitutes
7.1 Discussion and Conclusions
When identifying OC, many osteoclast related biochemical markers can be used. 
TRAP, located within the ruffled border of OC, is highly expressed by mature OC 
which stain positive for TRAP in vitro [141], TRAP 5b enzyme can also be used as 
a marker of OC activity in vitro and is quantified by an ELISA specific for the OC- 
derived TRAP 5b enzyme [127], RANK, a pre-OC membrane bound receptor, binds 
to its ligand RANKE (produced by osteoblasts and bone marrow stromal cells) 
promoting upregulation of RANK and subsequent OC differentiation [68], RANK 
expression can be quantified in vitro by genomic analysis. Vitronectin (av(33) and 
Calcitonin receptors [134] [147] are further biochemical markers present on OC. 
The vitronectin receptor binds to RGD-sequences on the surface of the material and 
the calcitonin receptor binds calcitonin. Binding of one or both of these receptors 
causes the attached OC to contract from the substrate ceasing further resorptive 
activity.
OC activity is generally characterised by cell morphology and cytoskeletal changes, 
biochemical tests and topographical assessment of the surface of the test material. 
Cell morphology changes include the fusion of mononuclear progenitors into 
multinucleated OC and the apico-basal morphology associated with OC attachment. 
Changes to the cytoskeleton are sealing zone and actin ring formation, both pre­
requisites for OC resorption [31] [35] [147]. Colorimetric assays are used to 
quantify TRAP activity and calcium ion concentration in vitro [64] [95]. ICP-MS 
can also be used to quantify calcium ion concentration [64]. The trademark lacunae 
(pits) formed by active OC on the surface of the test material can be assessed by 
quantifying pit number, pit diameter, pit area and pit volume. Microscopical
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techniques are used to quantify pit number (LM) pit area and diameter (LM, SEM) 
[67] and pit volume (confocal scanning laser microscopy, CSLM)[137]. Other 
methods used to assess changes in surface topography are XRD [148], surface 
profilometry [149] and micro computed tomography (micro-CT) [136], XRD 
analysis allows quantification of any changes in crystallinity and phase composition 
of the material whereas surface profilometry detects changes in surface roughness of 
the material. Micro —CT performs 3D X-ray imaging of materials and is a non­
destructive method whereas microscopy, XRD and surface profilometry are all 
destructive methods.
As there is no single method used to assess biomaterial resorption the ‘pit assay’ has 
become the most routinely used method. The rationale for the use of the pit assay as 
standard is that it allows visualisation and quantification of the physical work done 
by the OC (pit formation) and the microscopy equipment used to quantify pit 
measurements are readily available in most laboratories. Many of the methods listed 
above are suitable as indicators of OC resorption however, there has been no 
systematic attempt to identify an outcome measure of OC resorption that directly 
correlates with the current pit measurement assay and is transferrable through a 
broad range of in vitro experiments. The present work aimed to improve on the 
fundamental understanding of OC resorption of CaP bone substitutes in vitro by 
establishing the suitability of several outcome measures as possible indicators of 
osteoclastic resorption in vitro.
In order to be able to assess suitable outcome measures of OC resorption a number of 
objectives were set out;
• An OC assay needed to be developed to generate functionally active OC for 
the resorption of CaP materials in vitro.
• Various outcome measures needed to be assessed as indicators of resorption 
in vitro.
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• Suitable outcome measures were required to directly correlate with resorpt/o« 
pit area measurements.
• Suitable outcome measures should be transferrable through a broad range of 
in vitro experiments.
A protocol by Osdoby et. al [56] was used as the foundation for establishing an 
experimental methodology for the generation of OC cells in vitro. The RAW 264.7 
cell line was chosen on the basis that a cell line offers several advantages over 
primary cells; they are widely available, easy to culture, can be maintained 
indefinitely through sub-culturing, there is no inter-donor variability and there is no 
need to cull a live animal. RAW 264.7 cells also express M-CSF, unlike primary 
cells where M-CSF must be added to cultures to promote cell differentiation.
Initially, HA and P-TCP were chosen as CaP substrates and two different sintering 
temperatures were tested (1100°C and 1250°C) to determine if material phase 
composition and/or differences in sintering temperature affected OC formation and 
activity. The following outcome measures tested were; 1) SEM: to detect OC 
morphology and pit formation, 2) gravimetric analysis: to see if OC resorption could 
be related to a change in sample mass, 3) ICP-MS: to quantify mineral release from 
materials into culture and 4) TRAP 5b enzyme activity: to relate OC activity with 
resorption. The results from this study showed that few RAW 264.7 cells 
differentiated into OC and adhered to HA and P-TCP. The typical apico-basal 
morphology associated with active OC was not exhibited by the few remaining OC 
and they were smaller in size compared to those routinely cultured in vitro [124]. 
Early signs of pit formation were observed on both HA and P-TCP ceramics with 
superficial pit-like erosions on HA and more distinct pit-like areas on P-TCP. As 
previously discussed, controversial results for the resorption of HA in vitro have 
been reported with some authors observing OC resorption of HA [95][64] and others 
not [96], It has been well documented that the solubility of ceramics can influence
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their resorption in vitro [95][64][96] Samples sintered at 1250°C had higher calcium 
ion levels in the culture medium than their 1100°C counterparts. In theory CaPs 
sintered at higher temperatures should be more thermodynamically stable than those 
sintered at lower temperatures and exhibit lower ion levels in the culture medium. 
For HA and P-TCP, phase changes can occur after a threshold sintering temperature 
has been reached (HA > P-TCP > a-TCP) [22], a-TCP is more soluble than P-TCP 
thus if changes in phase composition did occur, this may have increased the 
solubility of the material and may help explain the increased calcium ion 
concentration in the culture medium for 1250°C samples. Also, since higher local 
Ca2+ concentrations inhibit OC resorption [109] then perhaps the theoretically more 
soluble 1100°C materials inhibited OC activity because they had dissolved more 
readily. To give a greater understanding of the material phase composition of the 
different samples XRD analysis could be conducted. The use of surface profilometry 
was considered for CaP characterisation but after discussion with experienced users 
we realised our surfaces would be too rough, only a small sample size can be 
analysed and it would be destructive for samples containing cells. Gravimetric 
analysis was deemed unsuitable as a measure of OC resorption on the basis of large 
Inter-group and intra-group variation for both materials. Potential sources of 
variation with this outcome measure could be as a result of the degree of compaction 
of the sintered sample (some samples could be more porous than others) or the 
variation in evaporation of HMDS from the surface of the sample. There was no 
statistical correlation with percentage mass change and cell number for HA or (3- 
TCP; p = 0.406 or any statistical differences between those with cells compared to no 
cell control. ICP-MS showed good correlation with TRAP 5b enzyme activity 
indicating that Ca ion concentration could be related to cellular activity and showed 
potential as a measure of resorption. This work highlighted the potential of RAW 
264.7 cells to degrade CaP ceramics in vitro but it also emphasized a limitation of the 
current 2D method (pit area). It was hard to decipher osteoclast specific resorption
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pits from anomalies on the surface of the material. In order to ascertain a pit from a 
pore or surface defect a smoother surface finish of the CaP is ideally required.
In an attempt to culture adequate numbers of functionally mature OC, a comparative 
study was conducted on the differentiation and function of RAW 264.7 cells with 
primary OPC. Dense, lightly polished P-TCP was used to obtain a smoother surface 
finish for easier detection and quantification of resorption pits formed. Most 
differentiation was observed at a RANKL dose of 20ng/mL for both OPC and RAW 
264.7 cells. It was also noted that a cell culture period of more than 6 days should be 
employed as OPC number had not yet reached their maximum after 6 Days in 
culture. Following the preliminary experiment, modifications to the OC assay 
included a RANKL dose of 20ng/mL and a cell culture period of 10 days. Additional 
modifications to the OC assay included the use of a-MEM instead of DMEM and the 
addition of 15mM HCi to cultures on Day 6 to optimise the acidic conditions 
required for OC formation and activity in vitro [41], To ascertain whether 
differences in sintering procedure affected the development of OC on CaP materials, 
dense p-TCP (sintered at I100°C) was either analysed as such or heat treated 
(calcined) at 500°C for 24h to remove any surface defects. The following outcome 
measures tested were: TRAP positive OC number and activity, actin ring formation, 
percentage surface area and surface properties were determined by SEM.
RAW 264.7 cells produced more mature OC than OPC when cultured in the absence 
of CaP (Chapter 4 Exp A) after 6 days. Flowever, marginally more OPC were 
present at Day 6 and significantly more OPC at Day 10 compared to RAW 264.7 
cells when cultured on P-TCP. ft is known that OC prefer rough surfaces to smooth 
surfaces [131][31][76] therefore the presence of a rougher P-TCP substrate should 
not reduce OC formation compared to smoother tissue culture plastic. Perhaps a 
combination of the interaction of cell culture medium with the surface of the P-TCP 
and the difference in surface energy of tissue culture plastic compared to P-TCP may
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have influenced RAW 264.7 OC formation and adhesion. Surface energy and 
surface chemistry have been shown to affect cell adhesion and cell spreading 
respectively [132], Also, RAW 264.7 OC were larger (100-500 micron) than OPC 
(50-100micron) and thus fewer RAW 264.7 OC could theoretically fit into the field 
of view during quantification by light microscopy potentially. This work highlights 
how a longer culture period gave a more conclusive story on the differentiation and 
function of RAW 264.7 OC versus OC derived from OPC.
As previously discussed RAW 264.7 cells are quick to culture and many cultures can 
be obtained from a single vial. However they are not without their drawbacks. Cell 
lines may not react in the same way as primary cells and should be used for 
preliminary studies or indeed in parallel to primary cell studies in order to give a 
more comprehensive assessment of in vitro OC resorption studies. RAW 264.7 OC 
first appear around Days 3-4 and become plentiful by Days 5-6 before dying off. The 
number of OC formed varies considerably with both the number of cells seeded and 
the passage number of the RAW 264.7 cells used. Early and late passages generally 
produce low numbers of OCs with optimal results achieved using cells from passages 
4-18 [150], All of the RAW 264.7 studies in this body of work were not conducted 
using the same passage number and this in itself introduces a limitation for the 
reproducibility of the reported experimental work.
OC number aside, OC generated from OPC and RAW 264.7 cells displayed the same 
general trends when assessing OC differentiation and function with the exception of 
resorption pit shape and actin ring number. There was a ~5 fold increase in TRAP 
positive OC for OPC and a ~3 fold increase for RAW 264.7 from Day 6-10. No 
resorption pits were formed at Day 6 followed by formation and increase in 
resorption pit formation up to Day 10. For actin ring formation: OPC Mean AR 
count increased from Day 4-8 and decreased at Day 10 whereas RAW 264.7 OC 
Mean AR count had a marginal increase from Day 6 to Day 10. For resorption pit
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shape: OPC resorbed in a linear fashion revealing resorption trails whereas RAW 
264.7 resorption appeared more static forming distinct circular resorption pits. 
Although the shape of the resorbed areas differed with cell type the shape reported 
was the same as described in [123] for both RAW 264.7 and OPC. Addition of 
15mM HC1 and the use of a-MEM may have played a role in acidifying the OC 
extracellular environment in favour of OC formation and activity and using a dense 
lightly polished substrate made it easier to see resorption pits on flatter surfaces.
Calcination of dense P-TCP had no effect on resorption by the OPC or RAW 264.7 
OC in vitro or on OC formation and activity. Others [128] reported a significant 
reduction in OPC TRAP activity for non-calcined P-TCP compared to calcined P- 
TCP after 5 days in culture. The study in [128] proposed that a change in surface 
dissolution capacity of the calcined and non-calcined P-TCP may have altered the 
OC adhesion and/or migration mechanism. No quantification of OC resorption on 
calcined and non-calcined P-TCP was reported in the study. The area of sintering 
temperature and calcination was not to be investigated further. In order to prioritise 
assay development and to fully interpret RAW 264.7 cell results, more timepoints 
were required to investigate RAW 264.7 cells more comprehensively as an in vitro 
model for the OC resorption of CaP materials.
A series of experiments were set up to justify new protocol modifications. Namely, 
the use of 20ng/mL RANKE, the addition of 15mM HC1 to cell cultures and the 
timepoint at which HC1 was added to cultures. A comparative study was conducted 
to assess RANKE dose and supplier on the differentiation of OC. PeproTech 
RANKE indicated that there was more OC differentiation compared to R&D 
Systems RANKE due to the increased TRAP activity results at lower concentrations. 
When trying to quantify resorption, there is a need for standardisation of reference 
materials between laboratories. Experimental results yielded from studies using 
different RANKE doses and/or RANKE from different suppliers could potentially
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yield false or misleading results i.e. would results for the quantification of resorption 
for a given RANKL dose from one supplier verses another supplier be comparable? 
As discussed above, this work found discrepancies between brands. Ideally the test 
material in question should be tested with the same reference materials before 
introducing any other variables. This highlights a limitation of in vitro testing in 
general and in the context of this work that TRAP activity of RANKL differentiated 
OC is useful as an indicator of OC activity for preliminary screening but further 
testing of promising materials is necessary, ideally in vivo.
A cell free experiment was set up to compare the surface of P-TCP discs before and 
after addition of HC1 in a cell free environment to ensure that any pits observed 
previously on (3-TCP discs were a result of cell mediated action rather than by 
dissolution as a direct effect of the presence of HC1. The element release profiles for 
15mM HC1 5% CCL (modified protocol) and OmM HC1 5% CCL (initial protocol) 
showed very little difference in Ca ion concentration after Day 3. SEM micrographs 
of the P-TCP surfaces showed that no pits or pit-like areas were present after 
incubation with or without HC1. Thus it was concluded that the pits obtained whilst 
using 15mM HC1 at 5% CO2 were cell-mediated rather than by dissolution 
mechanisms caused by the presence of HC1.
Metabolic activity of cells is acidic in nature and further reduces culture medium pH. 
The optimal pH for OC formation is between pH 7.35-7.4 [134], pH results 
indicated that 15mM HC1 added to culture medium at 5% COt may provide 
sufficient acidification to firstly allow OC formation at a higher pH (pH ~7.4) 
followed by optimisation of activity and resorption pit formation at a lower pH with 
time. It must be noted that the most acidic level recorded at Day 10 was still higher 
than the recommended optimal pH 6.95 for resorption pit formation [41], In general, 
the recorded pH values were higher than suggested in [41], This was due to the fact 
that this particular experiment was conducted in the absence of cells and some degree
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of alkalinity was expected. Secondly, the sampling method used for pH involved 
placing the medium in eppendorfs and this in itself may have increased pH during 
sample transfer (exposed to atmospheric conditions (-0.5% CO2) compared to those 
in the incubator (5%C02).
In a cell free environment, increased acidification increased Ca ion concentration. 
For all %C02 groups there was a general decrease in Ca ion concentration with time, 
indicative of reprecipitation onto the P-TCP disc [64]. This highlights a limitation of 
Ca ion concentration analysis as a single measure of OC resorption of CaP materials 
in vitro. CaP ceramics with varying CaP ratios will reprecipitate at different rates 
therefore the level of Ca ion concentration in the medium may not be fully indicative 
of total resorption. Different CaP materials will have different amounts of calcium 
per unit volume. Therefore when interpreting OC resorption for various CaP 
materials, reprecipitation could confound results.
Final outcome measures assessed were Ca and P mineral release into cell culture 
medium, OC number and activity, actin ring formation and pH. In order to accurately 
correlate pit area with the alternative outcome measures, the assay was performed 
using dense P-TCP free from surface imperfections. Ail measured outcomes varied 
significantly with time and reflected the natural cycle of OCs in culture as they were 
formed from monocyte precursors, increased in activity and then became exhausted 
and apotosed [151], OC formation was established by the expression of TRAP and 
the formation of actin rings within multinucleated cells.
Active OC have been shown to express higher levels of TRAP activity compared to 
inactive OC [145], The number of TRAP positive OC correlated with TRAP activity 
however RAW 264.7 cells without RANKL addition displayed similar TRAP 
activity to cells with RANKL at Days 4 and 12. This basal level of activity must be 
taken into consideration when using TRAP activity as an indication of OC function.
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From Day 6 to Day 10 there was a time dependent increase in TRAP activity of 
which was significantly higher than the basal activity. Therefore TRAP activity is a 
useful indicator of OC activity provided the basal level of activity is accounted for.
When an OC is polarised on a substrate surface a sealing zone forms containing a 
dense ring of actin. The presence of the actin ring is indicative of the resorptive 
phase of the OC [4,36] therefore it was presumed that actin ring formation could also 
be a potential measure of OC resorption in vitro. However, actin ring formation did 
not follow the same trends observed with TRAP positive OC count and TRAP 
activity results. One may expect to see an increase in actin ring formation with an 
increase in OC number but this was not the case. Observations from fluorescence 
microscopy indicated that the size and shape of actin rings changed with time, 
generally increasing in size. This resulted in a decreasing ratio of actin rings to 
TRAP positive OC. Although the number of actin rings did correlate with TRAP 
activity, this was only of moderate strength and the variation in this outcome 
measure suggests that it would not be suitable for use for in vitro biomaterial testing.
The pH required for optimal resorption activity of rat OC is pH 6.95 [41]. Previous 
experimental work investigating the effects of 15mM HCL addition to culture 
medium in the absence of cells recorded pH 7.52 after 8 days in culture. It was 
hypothesised that the metabolic activity of cells, acidic in nature, would further 
reduce culture medium pH. Certainly OC exhibit a change in pH when they are in 
their active state although this change is within a localised region beneath the cell 
delineated by the sealing zone and ruffled border [45][47], Addition of OC to 
acidified culture medium further reduced the pH and coincided with an increase in 
both TRAP activity (from Day 5) and OC number (from Day 6). Furthermore, a 
reduction in pH was correlated to an increase in OC number (r=0.420) and an 
increase in Ca ion concentration in the medium (r=0.740) which might suggest that 
this could be used as part of a suite of measures to indicate resorption.
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Mineral ion release into culture medium was assessed as a potential indicator of OC 
resorption based on the mechanism of OC-mediated resorption of CaP ceramics 
[121], When an OC attaches to CaP, it secretes HCL [46] and enzymes [49] [50] 
[51] to digest the inorganic Ca and P ions forming a resorption pit under the actively 
resorbing OC. These ions are taken up by the OC, processed and released into the 
extracellular environment. As the inorganic mineral dissolves, the Ca:+ 
concentration within the microenvironment can increase from 8- 40 mmol/L (320- 
1600 mg/L) [46]. This local increase in Ca2" concentration increases intracellular 
calcium, promoting margin retraction and OC cell dehesion [112], ceasing 
resorption. After detachment of OC from the CaP, the accumulated by-products of 
resorption are released into the extracellular environment. With that, as OC number 
and activity increases one would expect mineral ion concentration in the culture 
medium to increase. It was found that, Ca ion concentration in culture medium was 
time dependent and reflected the trends observed with TRAP activity and OC 
number, correlating well with both, in addition to change in pH. P ion release was 
slower to increase and was not elevated until Day 9 although it was present in greater 
amounts in medium from cultures with cells compared to without cells. Perhaps it 
was this lag in P release which led to the surprising finding that P ion concentration 
was negatively correlated with TRAP activity and resorption pit area.
Each of the outcome measures above are considered as adjuncts to the “gold 
standard”, the resorption pit assay, which other results must be compared. The results 
showed that the percentage area resorbed significantly increased at Day 8 and the 
maximum p-TCP surface resorption was -20%. Although no significant difference 
in percentage area resorbed was found beyond Day 8 standard deviations were large 
and SEM analysis suggested that resorption pit depth increased with time that was 
not reflected in area measurements. Even given this variability, resorption pit area 
still showed a moderate correlation with TRAP activity and OC count (r = 0.447* and
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0.450* respectively) which provides strong evidence for the use of these outcome 
measures as surrogate endpoints of resorption. Volumetric measurements of the 
resorption pits formed may have been preferable and could have proved more 
sensitive and more strongly correlated to other measures, however, analysis of this 
kind requires specialised and expensive equipment which was not available for this 
study [136][137][138][139],
The results of this study would suggest that TRAP activity and OC number, are 
suitable to measure resorption of a ceramic substrate in vitro and this could be 
strengthened by the addition of Ca ion concentration and pH. Caution must be taken 
however, to control for basal levels of TRAP activity in monocytic cells and to 
ensure that results are taken during the peak of OC activity. If all four outcome 
measures indicate similar results, this should provide robust evidence that could 
replace the more accepted resorption pit assay in circumstances where quantification 
of pits is not possible, for example when testing resorbability of 3D scaffolds in 
vitro.
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7.2 Overall Conclusions
There are many limitations associated with the current methods used to assess 
bioresorption of CaP materials in vitro. Traditional methods used to assess 
bioresorption use microscopy techniques and quantify resorption on a 2D basis. A 
3D quantification of bioresorption is available but requires specialised, expensive 
equipment. Pit area measurements (2D) have become common practice when 
assessing biomaterial resorption in vitro but it is not a precise indicator of resorption; 
variations in pit depth are not taken into consideration and it is unsuitable for use on 
porous materials or materials with rough surfaces. There has been no systematic 
attempt to identify an outcome measure of bioresorption that directly correlates with 
pit area measurements and is transferrable through a broad range of in vitro 
experiments.
The following conclusions can be drawn from the findings of this research:
• The RAW 264.7 cell line is a suitable model of in vitro resorption of CaP.
• A dense, flat, polished P-TCP surface is the most suitable substrate for 
assessing resorption by RAW 264.7 OC in vitro.
• Calcination of p-TCP surface had no effect on OC formation and resorption 
in vitro.
• A RANK.L dose of 20ng/mL (Peprotech) was the optimal dose for OC 
differentiation of RAW 264.7cells in vitro.
• A combination of using alpha-MEM and the addition of 15mM HC1 to cell 
culture medium from Day 3 acidified the cell culture medium to a near 
optimal pH level for OC formation in vitro.
• The addition of 15mM HC1 to cell culture medium had no effect on P-TCP 
surfaces after culturing in a cell free environment for 12 days.
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• The optimal cell culture period for the formation of RAW 264.7 OC and 
resorption of (3-TCP is between 9 and 12 days.
• Actin ring formation and gravimetric analysis are unsuitable as indicators of 
OC resorption in vitro as they provide inconclusive results and do not 
correlate with standard pit area measurements.
The use of ICP-MS, to detect calcium ion concentration in cell culture 
medium, coupled with TRAP activity measurements are the most suitable 
indicators of OC resorption in vitro that correlate with standard pit area 
measurements and have potential for use as a measure of resorption 
throughout a range of in vitro experiments.
In summary, this research has established several suitable outcome measures of 
bioresorption in vitro that correlate with pit area measurements. The method 
developed shows promise as an in vitro assay of resorption that could be 
transferrable through a range of experiments, proving invaluable for improving the 
fundamental understanding of OC resorption of ceramic biomaterials.
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7.3 Future Direction
It is known that OC prefer rough surfaces to smooth surfaces when resorbing 
[76][152][131][31], Smooth substrates produce small, unstable actin rings that last 
-Sminutes whereas rough substrates produce large, peripheral more stable actin rings 
lasting -Ihour [76], Surface nano-topography both initiates resorptive actin ring 
formation and regulates resorptive ring dynamics [76], For OC to resorb, the OC 
sealing zone must be coherent and stable for extended periods of time. This can be 
controlled by introducing three-dimensional ridges (increasing surface roughness) 
which act like barriers to help prevent OC sealing zones from expanding [152].
Previous studies have been carried out on different substrates such as; glass, HA, 
calcium carbonate (CC), P-TCP, ion-coated substrates and ceramic composites with 
varying substrate ratios, all having subsequent differences in surface roughness 
[96][64][95][74], However, less work has been carried out using a single material 
with the same material properties with the only variable being different surface 
roughness profiles - which is what I would propose. It is difficult to see resorption 
on a rougher surface; however this body of work has proved that ICP-MS is a 
suitable outcome measure as an indicator of OC resorption in vitro.
After reviewing the literature I feel that a feasible next step for progression of this 
work would be to change the surface roughness whilst keeping all other material 
parameters constant. My proposal would be to use polished, unpolished, chemically- 
etched and pre-resorbed samples. Surface roughness of polished samples could be 
further subdivided using varying degrees of abrasive paper. 1 think it would be 
interesting to validate the use of ICP-MS as an indicator of resorption in vitro by 





[1] Global Biomaterials Market (2009-2014). Www.marketsandmarkets.com 2009. 
www.marketsandmarkets.com.
[2] U.S. market for orthopaedic biomaterials (2010). Www.idataresearch.net 2010. 
www.idataresearch.net.
[3] Bohner M. Resorbable biomaterials as bone graft substitutes. Mater Today 
2010; 13:24-30. doi: 10.1016/S 1369-7021 (10)70014-6.
[4] Hill PA. Bone remodelling. Br J Orthod 1998;25:101-7. 
doi: 10.1093/ortho/25.2.101.
[5] Hing K.A. Bone repair in the twenty-first century: biology, chemistry or 
engineering? Philos Transact A Math Phys Eng Sci 2004;362:2821-50. 
doi:l 0.1098/rsta.2004.1466.
[6] Zhang Z, Egana JT, Reckhenrich AK, Schenck TL, Lohmeyer JA. Schantz JT, et 
al. Cell-based resorption assays for bone graft substitutes. Acta Biomater 
2012;8:13-9. doi: 10.1016/j.actbio.2011.09.020.
[7] Olszta MJ, Cheng X, Jee SS, Kumar R, Kim Y-Y, Kaufman MJ, et al. Bone 
structure and formation: A new perspective. Materials Science and Engineering: 
R: Reports 2007;58:77-116. doi:10.1016/j.mser.2007.05.001.
[8] Kerr JB. Atlas of Functional Histology. Mosby; 1999.
[9] Nather A, editor. Bone Grafts and Bone Substitutes: Basic Science and Clinical 
Applications. World Scientific Publishing Company; 2005.
[10] Arnett TR. Bone structure and bone remodelling. Department of Anatomy 
and Developmental Biology University College London.; 2009.
[11] Riggs BL, Parfitt AM. Drugs Used to Treat Osteoporosis: The Critical Need 
for a Uniform Nomenclature Based on Their Action on Bone Remodeling. 
Journal of Bone and Mineral Research 2004;20:177-84. 
doi: 10.1359/JBMR.041114.
[12] Giannoudis PV, Dinopoulos H, Tsiridis E. Bone substitutes: an update. 
Injury, Int J Care Injured 2005;36S:S20-7. doi:10.1016/j.injury.2005.07.029.
155
References
[13] Middleton JC, Tipton AJ. Synthetic biodegradable polymers as orthopedic 
devices. Biomaterials 2000;21:2335-46. doi: 10.1016/SO 142-9612(00)00101-0.
[14] Li S. Hydrolytic degradation characteristics of aliphatic polyesters derived
from lactic and glycolic acids. Journal of Biomedical Materials Research 
1999;48:342-53. doi: 10.1002/(SlCl) 1097-4636(1999)48:3<342::AID-
JBM20>3.0.CO;2-7.
[15] Wright-Charlesworth DD, King JA, Miller DM, Lim CH. In vitro flexural 
properties of hydroxyapatite and self-reinforced poly(L-lactic acid). Journal of 
Biomedical Materials Research Part A 2006;78A:541-9. 
doi: 10.1002/jbm.a.30767.
[16] Marra KG, Szem JW, Kumta PN, DiMilla PA, Weiss LE. In vitro analysis of 
biodegradable polymer blend/hydroxyapatite composites for bone tissue 
engineering. Journal of Biomedical Materials Research 1999;47:324-35. 
doi: 10.1002/(SICI)l 097-4636(19991205)47:3<324::AID-JBM6>3.0.CO;2-Y.
[17] Rezwan K, Chen QZ, Blaker JJ, Boccaccini AR. Biodegradable and bioactive 
porous polymer/inorganic composite scaffolds for bone tissue engineering. 
Biomaterials 2006;27:3413-31. doi: 10.1016/j.biomaterials.2006.01.039.
[18] Wilson SR, Peters C, Saftig P, Bromme D. Cathepsin K activity-dependent 
regulation of osteoclast actin ring formation and bone resorption. J Biol Chem 
2009;284:2584-92. doi:10.1074/jbc.M805280200.
[19] Peters F, Reif D. Functional Materials for Bone Regeneration from Beta-
Tricalcium Phosphate. Materialwissenschaft Und Werkstofftechnik
2004;35:203-7. doi: 10.1002/mawe.200400735.
[20] Yuan H, Fernandes H, Habibovic P, Boer J de, Barradas AMC, Ruiter A de, 
et al. Osteoinductive ceramics as a synthetic alternative to autologous bone 
grafting. PNAS 2010; 107:13614-9. doi: 10.1073/pnas. 1003600107.
[21] Barrere F, van Blitterswijk CA, de Groot K. Bone regeneration: molecular 
and cellular interactions with calcium phosphate ceramics. Int J Nanomedicine 
2006;1:317-32.
[22] Bohner M. Calcium orthophosphates in medicine: from ceramics to calcium 
phosphate cements. Injury 2000;31 Suppl 4:37-47.




[24] Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation and activation. 
Nature 2003;423:337^2. doi:10.1038/nature01658.
[25] Felix R, Hofstetter W, Wetterwald A, Cecchini MG, Fleisch H. Role of 
colony-stimulating factor-1 in bone metabolism. Journal of Cellular 
Biochemistry 1994;55:340-9. doi: 10.1002/jcb.240550311.
[26] Elsegood CL, Zhuo Y, Wesolowski GA, Hamilton JA, Rodan GA, Duong 
LT. M-CSF induces the stable interaction of cFms with alphaVbeta3 integrin in 
osteoclasts. Int J Biochem Cell Biol 2006;38:1518-29. 
doi: 10.1016/j.biocel.2006.02.011.
[27] Teitelbaum SL. Bone Resorption by Osteoclasts. Science 2000;289:1504-8. 
doi: 10.1126/science.289.5484.1504.
[28] Khosla S. Minireview: the OPG/RANKL/RANK system. Endocrinology 
2001;142:5050-5.
[29] Sims NA, Gooi JH. Bone remodeling: Multiple cellular interactions required 
for coupling of bone formation and resorption. Semin Cell Dev Biol 
2008; 19:444-51. doi: 10.1016/j.semcdb.2008.07.016.
[30] Zhou H, Chernecky R, Davies JE. Scanning electron microscopy of the 
osteoclast-bone interface. Cell Mater 1993;3:141-50.
[31] Saltel F, Destaing O, Bard F, Eichert D, Jurdic P. Apatite-Mediated Actin 
Dynamics in Resorbing Osteoclasts. Mol Biol Cell 2004;15:5231-41. 
doi: 10.1091 /mbc.E04-06-0522.
[32] Vaananen HK, Horton M. The Osteoclast Clear Zone Is a Specialized Cell- 
Extracellular Matrix Adhesion Structure. J Cell Sci 1995;108:2729-32.
[33] Demon T, Wakita M. The three-dimensional structure of the clear zone of a 
cultured osteoclast. J Electron Microsc (Tokyo) 1991;40:34-40.
[34] Mostov K, Werb Z. Journey across the osteoclast. Science 1997;276:219-20.
[35] Luxenburg C, Geblinger D, Klein E, Anderson K. Hanein D, Geiger B, et al. 
The Architecture of the Adhesive Apparatus of Cultured Osteoclasts: From 




[36] Saltel F, Chabadel A, Bonnelye E, Jurdic P. Actin cytoskeletal organisation in 
osteoclasts: a model to decipher transmigration and matrix degradation. Eur J 
Cell Biol 2008;87:459-68. doi:10.1016/j.ejcb.2008.01.001.
[37] Roodman GD. Cell biology of the osteoclast. Exp Hematol 1999;27:1229-41. 
doi: 10.1016/S0301 -472X(99)00061 -2.
[38] Rifkin BR, Gay CV. Biology and Physiology of the Osteoclast - CRC Press 
Book. 1992.
[39] Zambonin Zallone A, Teti A, Primavera MV. Isolated osteoclasts in primary 
culture: first observations on structure and survival in culture media. Anat 
Embryol 1982;165:405-13.
[40] Chambers TJ, Revell PA, Fuller K, Athanasou NA. Resorption of Bone by 
Isolated Rabbit Osteoclasts. J Cell Sci 1984;66:383-99.
[41] Arnett TR. Dempster DW, others. Effect of pFI on bone resorption by rat 
osteoclasts in vitro. Endocrinology 1986;119:119.
[42] Blair HC, kahn AJ, Crouch EC, Jeffrey J., Teitelbaum SL. Isolated 
Osteoclasts resorb the Organic and Inorganic Components of Bone. J Cell Biol 
1986; 102:1 164-72.
[43] Schilling AF, Linhart W, Filke S, Gebauer M, Schinke T, Rueger JM, et al. 
Resorbability of bone substitute biomaterials by human osteoclasts. Biomater 
2004;25:3963-72. doi: 10.1016/j.biomaterials.2003.10.079.
[44] Vaananen K. Mechanism of osteoclast mediated bone resorption—rationale 
for the design of new therapeutics. Adv Drug Deliv Rev 2005;57:959-71. 
doi: 10.1016/j.addr.2004.12.018.
[45] Blair HC. How the osteoclast degrades bone. Bioessays 1998;20:837-46. 
doi: 10.1002/(S1CI)1521-1878(199810)20:10<837::A1D-BIES9>3.0.CO;2-D.
[46] Silver I A, Murrills RJ, Etherington DJ. Microelectrode studies on the acid 
microenvironment beneath adherent macrophages and osteoclasts. Exp Cell Res 
1988;175:266-76.
[47] Schlesinger PH, Blair HC, Teitelbaum SL, Edwards JC. Characterization of 
the Osteoclast Ruffled Border Chloride Channel and Its Role in Bone 
Resorption. J Biol Chem 1997;272:18636^13. doi: 10.1074/jbc.272.30.18636.
158
References
[48] Laitala T, Vaananen HK. Inhibition of bone resorption in vitro by antisense 
RNA and DNA molecules targeted against carbonic anhydrase II or two subunits 
of vacuolar H(+)-ATPase. Journal of Clinical Investigation 1994;93:2311-8. 
doi:10.1172/JCIl 17235.
[49] Bossard MJ, Tomaszek TA, Thompson SK, Amegadzie BY, Hanning CR, 
Jones C, et al. Proteolytic Activity of Human Osteoclast Cathepsin K 
EXPRESSION, PURIFICATION, ACTIVATION, AND SUBSTRATE 
IDENTIFICATION. J Biol Chem 1996;271:12517-24. 
doi:10.1074/jbc.271.21.12517.
[50] Delaisse JM, Eeckhout Y, Neff L, Fran9ois-Gillet C, Henriet P, Su Y, et al. 
(Pro)collagenase (matrix metalloproteinase-1) is present in rodent osteoclasts and 
in the underlying bone-resorbing compartment. J Cell Sci 1993;106 ( Pt 4):1071- 
82.
[51] Holliday LS, Welgus HG, Fliszar CJ, Veith GM, Jeffrey JJ, Gluck SL. 
Initiation of Osteoclast Bone Resorption by Interstitial Collagenase. J Biol Chem 
1997;272:22053-8. doi: 10.1074/jbc.272.35.22053.
[52] Stenbeck G, Horton MA. A new specialized cell-matrix interaction in 
actively resorbing osteoclasts. J Cell Sci 2000; 113 ( Pt 9): 1577-87.
[53] Kanehisa J, Heersche JNM. Osteoclastic bone resorption: In vitro analysis of 
the rate of resorption and migration of individual osteoclasts. Bone 1988;9:73-9. 
doi: 10.1016/8756-3282(88)90106-8.
[54] Salo J, Lehenkari P, Mulari M, Metsikko K, Vaananen HK. Removal of 
Osteoclast Bone Resorption Products by Transcytosis. Science 1997;276:270-3. 
doi: 10.1126/science.276.5310.270.
[55] Stenbeck G, Horton MA. Endocytic trafficking in actively resorbing 
osteoclasts. J Cell Sci 2004; 117:827-36. doi: 10.1242/jcs.00935.
[56] Helfrich MH, Ralston S. Bone research protocols, vol. 80. Humana Pr Inc; 
2003.
[57] Boyde A, Ali NN, Jones SJ. Resorption of dentine by isolated osteoclasts in 
vitro. Br Dent J 1984;156:216-20.
[58] Osdoby P, Martini MC, Caplan Al, Osdoby P, Martini MC, Caplan Al. 
Isolated osteoclasts and their presumed progenitor cells, the monocyte, in culture. 




[59] Testa NG, Allen TD, Lajtha LG, Onions D, Jarret O. Generation of 
Osteoclasts in Vitro. J Cell Sci 1981;47:127-37.
[60] Oursler MJ, Osdoby P. Osteoclast development in marrow cultured in 
calvaria-conditioned media. Dev Biol 1988;127:170-8. doi:10.1016/0012- 
1606(88)90198-4.
[61] Atkins GJ, Kostakis P, Welldon KJ, Vincent C, Findlay DM, Zannettino 
ACW. Human trabecular bone-derived osteoblasts support human osteoclast 
formation in vitro in a defined, serum-free medium. J Cell Physiol 
2005;203:573-82. doi:10.1002/jcp.20255.
[62] MacDonald BR. Takahashi N, McManus LM, Holahan J, Mundy GR, 
Roodman GD. Formation of multinucleated cells that respond to osteotropic 
hormones in long term human bone marrow cultures. Endocrinology 
1987;120:2326-33.
[63] Wang W, Ferguson DJ, Quinn JM, Simpson AH, Athanasou NA. Osteoclasts 
are capable of particle phagocytosis and bone resorption. J Pathol 1997; 182:92- 
8. doi: 10.1002/(SICl)l 096-9896( 199705)182:1 <92::AID-PATH813>3.0.CO;2-
E.
[64] Monchau F, Lefevre A, Descamps M, Belquin-myrdycz A, Laffargue P, 
Hildebrand H. In vitro studies of human and rat osteoclast activity on 
hydroxyapatite, P-tricalcium phosphate, calcium carbonate. Biomol Eng 
2002; 19:143-52. doi: 10.1016/S 1389-0344(02)00023-0.
[65] Massey HM, Flanagan AM. Human osteoclasts derive from CD 14-positive 
monocytes. Br .1 Haematol 1999;106:167-70.
[66] Jones SJ, Boyde A, Ali NN. The resorption of biological and non-biological 
substrates by cultured avian and mammalian osteoclasts. Anat Embryol 
1984;170:247-56.
[67] Arnett TR, Henderson B. Methods in Bone Biology - Timothy R. Arnett,
Brian Henderson - Google Books 1996.




eoclast%2C%20pit&f=false (accessed April 25, 2012).
160
References
[68] Yasuda H, Shima N, Nakagawa N, Yamaguchi K, Kinosaki M, Mochizuki S,
et al. Osteoclast differentiation factor is a ligand for
osteoprotegerin/osteoclastogenesis-inhibitory factor and is identical to 
TRANCE/RANKL. PNAS 1998;95:3597.
[69] Raschke WC, Baird S, Ralph P, Nakoinz 1. Functional macrophage cell lines 
transformed by abelson leukemia virus. Cell 1978;15:261-7. doi:10.1016/0092- 
8674(78)90101-0.
[70] Hsu H, Lacey DL, Dunstan CR, Solovyev I, Colombero A, Timms E, et al. 
Tumor Necrosis Factor Receptor Family Member RANK Mediates Osteoclast 
Differentiation and Activation Induced by Osteoprotegerin Ligand. PNAS 
1999;96:3540-5. doi: 10.1073/pnas.96.7.3540.
[71] Islam S, Hassan F, Tumurkhuu G, Dagvadorj J, Koide N, Naiki Y, et al. 
Receptor activator of nuclear factor-kappa B ligand induces osteoclast formation 
in RAW 264.7 macrophage cells via augmented production of macrophage- 
colony-stimulating factor. Microbiol Immunol 2008;52:585-90. 
doi: 10.1111/j. 1348-0421.2008.00076.x.
[72] Vincent C, Kogawa M, Findlay DM, Atkins GJ. The generation of osteoclasts 
from RAW 264.7 precursors in defined, serum-free conditions. J Bone Miner 
Metab 2009;27:114-9. doi: 10.1007/s00774-008-0018-6.
[73] Gentleman E, Fredholm YC, Jell G, Lotfibakhshaiesh N, O'Donnell MD, Hill 
RG, et al. The effects of strontium-substituted bioactive glasses on osteoblasts 
and osteoclasts in vitro. Biomater 2010;31:3949-56. 
doi: 10.1016/j.biomaterials.2010.01.121.
[74] Hefti T, Frischherz M, Spencer ND, Hall H, Schlottig F. A comparison of 
osteoclast resorption pits on bone with titanium and zirconia surfaces. Biomater 
2010;31:7321 -31. doi: 10.1016/j.biomaterials.2010.06.009.
[75] Detsch R, Hagmeyer D, Neumann M, Schaefer S, Vortkamp A, Wuelling M, 
et al. The resorption of nanocrystalline calcium phosphates by osteoclast-like 
cells. Acta Biomater 2010;6:3223-33. doi: 10.1016/j.actbio.2010.03.003.
[76] Geblinger D, Addadi L, Geiger B. Nano-topography sensing by osteoclasts. J 
Cell Sci 2010;123:1503-10. doi:10.1242/jcs.060954.
[77] Miyazaki T, Miyauchi S, Anada T, Imaizumi H, Suzuki O. Evaluation of 
osteoclastic resorption activity using calcium phosphate coating combined with 
labeled polyanion. Anal Biochem 2011;410:7-12. doi: 10.1016/j.ab.2010.11.014.
161
References
[78] Bandyopadhyay A, Bernard S, Xue W, Bose S. Calcium Phosphate-Based 
Resorbable Ceramics: Influence of MgO, ZnO, and Si02 Dopants. Journal of the 
American Ceramic Society 2006;89:2675-88. dohlO.l 11 l/j.1551- 
2916.2006.01207.x.
[79] Leeuwenburgh S, Layrolle P, Barrere F, de Bruijn J, Schoonman J, van 
Blitterswijk CA, et al. Osteoclastic resorption of biomimetic calcium phosphate 
coatings in vitro. J Biomed Mater Res 2001;56:208-15.
[80] Kasten P. Beyen I, Niemeyer P, Luginbuhl R, Bohner M, Richter W. Porosity 
and pore size of P-tricalcium phosphate scaffold can influence protein production 
and osteogenic differentiation of human mesenchymal stem cells: An in vitro and 
in vivo study. Acta Biomaterialia 2008;4:1904-15. 
doi: 10.1016/j.actbio.2008.05.017.
[81] Blokhuis TJ, Termaat MF, den Boer FC, Patka P, Bakker FC, Haarman HJ. 
Properties of calcium phosphate ceramics in relation to their in vivo behavior. J 
Trauma 2000;48:179-86.
[82] Lu J, Descamps M, Dejou J, Koubi G, Hardouin P, Lemaitre J, et al. The 
biodegradation mechanism of calcium phosphate biomaterials in bone. Journal of 
Biomedical Materials Research 2002;63:408-12. doi: 10.1002/jbm. 10259.
[83] von Doernberg M-C, von Rechenberg B, Bohner M, Griinenfelder S, van 
Lenthe GFI, Muller R, et al. In vivo behavior of calcium phosphate scaffolds with 
four different pore sizes. Biomaterials 2006;27:5186-98. 
doi: 10.1016/j.biomaterials.2006.05.051.
[84] Dorozhkin SV. Calcium Orthophosphates as Bioceramics: State of the Art. 
Journal of Functional Biomaterials 2010;1:22-107. doi:10.3390/jfbl010022.
[85] Kingsmill VJ. Post-extraction remodeling of the adult mandible. Crit Rev 
Oral Biol Med 1999; 10:384-404.
[86] Schilling A, Filke S, Brink S, Korbmacher H, Amling M, Rueger J. 
Osteoclasts and Biomaterials. European Journal of Trauma 2006;32:107-13. 
doi: 10.1007/s00068-006-6043-1.
[87] Stahli C, Bohner M, Bashoor-Zadeh M, Doebelin N. Baroud G. Aqueous 
impregnation of porous beta-tricalcium phosphate scaffolds. Acta Biomater 
2010;6:2760-72. doi: 10.1016/j.actbio.2010.01.018.
[88] Daculsi G, Passuti N. Effect of the macroporosity for osseous substitution of
---- calcium phosphale ceramics. Biomaierials 1990:1 1:86-7:-------------------------------
162
References
[89] Li S, De Wijn JR, Li J, Layrolle P, De Groot K. Macroporous biphasic 
calcium phosphate scaffold with high permeability/porosity ratio. Tissue Eng 
2003;9:535^8. doi:10.1089/107632703322066714.
[90] Woodard JR, Hilldore AJ, Lan SK, Park CJ, Morgan AW, Eurell JAC, et al.
The mechanical properties and osteoconductivity of hydroxyapatite bone 
scaffolds with multi-scale porosity. Biomaterials 2007;28:45-54.
doi: 10.1016/j.biomaterials.2006.08.021.
[91] Schliephake H, Neukam FW, Klosa D. Influence of pore dimensions on bone 
ingrowth into porous hydroxylapatite blocks used as bone graft substitutes: A 
histometric study. International Journal of Oral and Maxillofacial Surgery 
1991 ;20:53-8. doi: 10.1016/S0901 -5027(05)80698-8.
[92] Galois L, Mainard D. Bone ingrowth into two porous ceramics with different 
pore sizes: an experimental study. Acta Orthop Belg 2004;70:598-603.
[93] Fling KA, Annaz B, Saeed S, Revell PA, Buckland T. Microporosity 
enhances bioactivity of synthetic bone graft substitutes. J Mater Sci Mater Med 
2005; 16:467-75. doi: 10.1007/s 10856-005-6988-1.
[94] Lan Levengood SK. Polak SJ. Wheeler MB, Maki AJ, Clark SG, Jamison 
RD, et al. Multiscale osteointegration as a new paradigm for the design of 
calcium phosphate scaffolds for bone regeneration. Biomaterials 2010;31:3552- 
63. doi: 10.1016/j.biomaterials.2010.01.052.
[95] Detsch R. Mayr H, Ziegler G. Formation of osteoclast-like cells on F1A and 
TCP ceramics. Acta Biomater 2008;4:139^18. doi:10.1016/j.actbio.2007.03.014.
[96] Yamada S, Heymann D, Bouler J-M, Daculsi G. Osteoclastic resorption of
calcium phosphate ceramics with different hydroxyapatite/p-tricalcium 
phosphate ratios. Biomaterials 1997; 18:1037^11. doi:10.1016/S0142-
9612(97)00036-7.
[97] Wenisch S, Stahl J-P, Horas U, Heiss C, Kilian O, Trinkaus K, et al. In vivo 
mechanisms of hydroxyapatite ceramic degradation by osteoclasts: Fine 
structural microscopy. Journal of Biomedical Materials Research Part A 
2003;67A:713-8. doi: 10.1002/jbm.a. 10091.
[98] Daculsi G, Passuti N, Martin S, Deudon C, Legeros RZ, Raher S. 
Macroporous calcium phosphate ceramic for long bone surgery in humans and 




[99] Yang L, Perez-Amodio S, Barrere-de Groot FYF, Everts V, van Blitterswijk 
CA, Habibovic P. The effects of inorganic additives to calcium phosphate on in 
vitro behavior of osteoblasts and osteoclasts. Biomaterials 2010;31:2976-89. 
doi: 10.1016/j.biomaterials.2010.01.002.
[100] Langstaff S, Sayer M, Smith TJ, Pugh SM. Resorbable bioceramics based on 
stabilized calcium phosphates. Part II: evaluation of biological response. 
Biomaterials 2001;22:135-50.
[101] Pietak AM, Reid JW, Stott MJ, Sayer M. Silicon substitution in the calcium
phosphate bioceramics. Biomaterials 2007;28:4023-32.
doi: 10.1016/j.biomaterials.2007.05.003.
[102] Patntirapong S, Habibovic P, Hauschka PV. Effects of soluble cobalt and
cobalt incorporated into calcium phosphate layers on osteoclast differentiation 
and activation. Biomaterials 2009;30:548-55.
doi: 10.1016/j.biomaterials.2008.09.062.
[103] Canalis E, Giustina A, Bilezikian JP. Mechanisms of Anabolic Therapies for 
Osteoporosis. New England Journal of Medicine 2007;357:905-16. 
doi: 10.1056/NEJMra067395.
[104] Bohner M. Silicon-substituted calcium phosphates - a critical view. 
Biomaterials 2009;30:6403-6. doi: 10.1016/j.biomaterials.2009.08.007.
[105] Boanini E, Gazzano M, Bigi A. Ionic substitutions in calcium phosphates 
synthesized at low temperature. Acta Biomater 2010;6:1882-94. 
doi: 10.1016/j .actbio.2009.12.041.
[106] Habibovic P. Barralet JE. Bioinorganics and biomaterials: bone repair. Acta 
Biomater 2011 ;7:3013-26. doi: 10.1016/j.actbio.2011.03.027.
[107] Hoppe A, Giildal NS, Boccaccini AR. A review of the biological response to 
ionic dissolution products from bioactive glasses and glass-ceramics. 
Biomaterials 2011;32:2757-74. doi:10.1016/j.biomaterials.201 1.01.004.
[108] Li X, Senda K, Ito A, Sogo Y, Yamazaki A. Difference in Osteoclast 
Responses to Tricalcium Phosphate in Culture Medium Supplemented with Zinc 
and to Zinc-Containing Tricalcium Phosphate. Bioceramics Development and 
Applications 2010;1:1-4. doi:10.4303/bda/D101106.
[109] Teti A, Zambonin Zallone. A working hypothesis: calcium concentration 
controls directly osteoclast activity. Calcium Regulation and Bone Metabolism: 
Basic snd Clinical Aspects, vol. 9, Elsevier; 1987, p. 358.
164
References
[110] Zaidi M, Datta HK, Patchell A, Moonga B, MacIntyre I. “Calcium-activated” 
intracellular calcium elevation: A novel mechanism of osteoclast regulation. 
Biochemical and Biophysical Research Communications 1989;163:1461-5. 
doi: 10.1016/0006-291 X(89)91143-1.
[111] Teti A, Blair HC, Schlesinger P, Grano M, Zambonin-Zallone A, Kahn AJ, et 
al. Extracellular protons acidify osteoclasts, reduce cytosolic calcium, and 
promote expression of cell-matrix attachment structures. J Clin Invest 
1989;84:773-80.
[112] Zaidi M, Blair HC, Moonga BS, Abe E, Huang CL-H. Osteoclastogenesis, 
Bone Resorption, and Osteoclast-Based Therapeutics. Journal of Bone and 
Mineral Research 2003;18:599-609. doi: 10.1359/jbmr.2003.18.4.599.
[113] Miyauchi A, Hruska KA, Greenfield EM, Duncan R, Alvarez J, Barattolo R, 
et al. Osteoclast cytosolic calcium, regulated by voltage-gated calcium channels 
and extracellular calcium, controls podosome assembly and bone resorption. J 
Cell Biol 1990; 111:2543-52. doi: 10.1083/jcb. 111.6.2543.
[114] Kameda T, Mano H, Yamada Y, Takai H, Amizuka N, Kobori M, et al. 
Calcium-sensing receptor in mature osteoclasts, which are bone resorbing cells. 
Biochem Biophys Res Commun 1998;245:419-22. doi:10.1006/bbrc. 1998.8448.
[115] Nesbitt SA, Horton MA. Trafficking of matrix collagens through bone- 
resorbing osteoclasts. Science 1997;276:266-9.
[116] Berger CE, Rathod H, Gillespie JI, Horrocks BR, Datta HK. Scanning 
electrochemical microscopy at the surface of bone-resorbing osteoclasts: 
evidence for steady-state disposal and intracellular functional 
compartmentalization of calcium. J Bone Miner Res 2001;16:2092-102. 
doi: 10.1359/jbmr.2001.16.11.2092.
[117] Datta HK, Horrocks BR. Mechanisms of calcium disposal from osteoclastic 
resorption hemivacuole. J Endocrinol 2003;176:1-5.
[118] Kawahara I, Koide M, Tadokoro O, Udagawa N, Nakamura H. Takahashi N, 
et al. The relationship between calcium accumulation in osteoclast mitochondrial 
granules and bone resorption. Bone 2009;45:980-6. 
doi: 10.1016/j.bone.2009.07.010.
[119] Arnett TR. Dempster DW. Perspectives: Protons and osteoclasts. Journal of 
Bone and Mineral Research 1990;5:1099-103. doi:10.1002/jbmr.5650051102.
165
References
[120] Arnett TR, Spowage M. Modulation of the resorptive activity of rat 
osteoclasts by small changes in extracellular pH near the physiological range. 
Bone 1996;18:277-9.
[121] Heymann D. Guicheux J, Rousselle AV. Ultrastructural evidence in vitro of 
osteoclast-induced degradation of calcium phosphate ceramic by simultaneous 
resorption and phagocytosis mechanisms. Histol Histopathol 2001;16:37^14.
[122] Wang W, Ferguson DJ, Quinn JM, Simpson AH, Athanasou NA. Biomaterial 
particle phagocytosis by bone-resorbing osteoclasts. J Bone Joint Surg Br 
1997;79:849-56.
[123] Gentzsch C, Delling G, Kaiser E. Microstructural Classification of 
Resorption Lacunae and Perforations in Human Proximal Femora. Calcif Tissue 
Int 2003;72:698-709. doi: 10.1007/s00223-002-2020-7.
[124] PASCARETTI-GRIZON F, Mabilleau G, Basle MF, Chappard D. 
Measurement by vertical scanning profilometry of resorption volume and 
lacunae depth caused by osteoclasts on dentine slices. J Microsc 2011;241:147- 
52.
[125] Wernike E, Hofstetter W, Liu Y, Wu G, Sebald H-J, Wismeijer D, et al. 
Long-term cell-mediated protein release from calcium phosphate ceramics. J 
Biomed Mater Res A 2010;92:463-74. doi:10.1002/jbm.a.32411.
[126] Arnett TR. Acid-base regulation of bone metabolism. International Congress 
Series 2007;1297:255-67. doi:10.1016/j.ics.2006.08.005.
[127] Kirstein B, Chambers TJ, Fuller K. Secretion of tartrate-resistant acid 
phosphatase by osteoclasts correlates with resorptive behavior. J Cell Biochem 
2006;98:1085-94. doi: 10.1002/jcb.20835.
[128] Egli RJ, Gruenenfelder S, Doebelin N, Hofstetter W, Luginbuehl R, Bohner 
M. Thermal Treatments of Calcium Phosphate Biomaterials to Tune the Physico- 
Chemical Properties and Modify the In Vitro Osteoclast Response. Advanced 
Engineering Materials 2011;13:B 102-7. doi: 10.1002/adem.201080037.
[129] Descamps M, Hornez JC, Leriche A. Effects of powder stoichiometry on the 
sintering of p-tricalcium phosphate. Eur Cer Soc 2007;27:2401-6. 
doi: 10.1016/j.jeurceramsoc.2006.09.005.
[130] Ahn H. Kim JM, Lee K. Kim H. Jeong D. Extracellular acidosis accelerates 
bone resorption by enhancing osteoclast survival, adhesion, and migration.
166
References
Biochemical and Biophysical Research Communications 2012;418:144-8. 
doi:10.1016/j.bbrc.2011.12.149.
[131] Matsunaga T, Inoue H. Kojo T, Hatano K, Tsujisawa T, Uchiyama C, et al. 
Disaggregated osteoclasts increase in resorption activity in response to roughness 
of bone surface. J Biomed Mater Res 1999;48:417-23.
[132] Redey SA, Razzouk S, Rey C, Bernache-Assollant D, Leroy G, Nardin M, et 
al. Osteoclast adhesion and activity on synthetic hydroxyapatite, carbonated 
hydroxyapatite, and natural calcium carbonate: relationship to surface energies. J 
Biomed Mater Res 1999;45:140-7.
[133] Arnett TR, Boyde A, Jones SJ, Taylor ML. Effects of medium acidification 
by alteration of carbon dioxide or bicarbonate concentrations on the resorptive 
activity of rat osteoclasts. J Bone Miner Res 1994;9:375-9. 
doi: 10.1002/jbmr.5650090312.
[134] Arnett TR, Dempster DW, others. A comparative study of disaggregated 
chick and rat osteoclasts in vitro: effects of calcitonin and prostaglandins. 
Endocrinology 1987; 120:602.
[135] Boyde A. Jones S. Pitfalls in pit measurement. Calcif Tissue Int 1991;49:65- 
70. doi: 10.1007/BF02565123.
[136] Winkler T, Hoenig E, Gildenhaar R, Berger G, Fritsch D, Janssen R, et al. 
Volumetric analysis of osteoclastic bioresorption of calcium phosphate ceramics 
with different solubilities. Acta Biomater 2010;6:4127-35. 
doi: 10.1016/j.actbio.2010.04.015.
[137] Yamada Y, Ito A, Sakane M, Miyakawa S, Uemura T. Laser microscopic 
measurement of osteoclastic resorption pits on biomaterials. Mater Sci Eng: C 
2007;27:762-6. doi: 10.1016/j.msec.2006.08.006.
[138] Grimandi G, Soueidan A, Anjrini AA, Badran Z, Pilet P, Daculsi G, et al. 
Quantitative and reliable in vitro method combining scanning electron 
microscopy and image analysis for the screening of osteotropic modulators. 
Microsc Res Tech 2006;69:606-12. doi: 10.1002/jemt.20326.
[139] Morimoto Y, Hoshino H, Sakurai T, Terakawa S, Nagano A. Quantitative 
evaluation of bone resorption activity of osteoclast-like cells by measuring 
calcium phosphate resorbing area using incubator-facilitated and video-enhanced 
microscopy. Microsc Res Tech 2009;72:317-22. doi: 10.1002/jemt.20654.
167
References
[140] Janckila AJ, Takahashi K, Sun SZ, Yam LT. Tartrate-resistant acid 
phosphatase isoform 5b as serum marker for osteoclastic activity. Clin Chem 
2001;47:74-80.
[141] Ballanti P, Minisola S, Pacitti MT, Scarnecchia L, Rosso R. Mazzuoli GF, et 
al. Tartrate-resistant acid phosphate activity as osteoclastic marker: sensitivity of 
cytochemical assessment and serum assay in comparison with standardized 
osteoclast histomorphometry. Osteoporos Int 1997;7:39-43.
[142] Hannon RA, Clowes JA, Eagleton AC, Al Hadari A, Eastell R, Blumsohn A. 
Clinical performance of immunoreactive tartrate-resistant acid phosphatase 
isoform 5b as a marker of bone resorption. Bone 2004;34:187-94.
[143] Halleen JM. Tiitinen SL, Ylipahkala H, Fagerlund KM, Vaananen HK. 
Tartrate-resistant acid phosphatase 5b (TRACP 5b) as a marker of bone 
resorption. Clin Lab 2006;52:499-509.
[144] Ylipahkala H, Fagerlund KM, Janckila AJ, Houston B, Laurie D, Halleen JM. 
Specificity and clinical performance of two commercial TRACP 5b 
immunoassays. Clin Lab 2009;55:223-8.
[145] Takeshita S, Kaji K, Kudo A. Identification and characterization of the new 
osteoclast progenitor with macrophage phenotypes being able to differentiate 
into mature osteoclasts. J Bone Miner Res 2000;15:1477-88. 
doi:10.1359/jbmr.2000.15.8.1477.
[146] Heymann D, Pradal G, Benahmed M. Cellular mechanisms of calcium 
phosphate ceramic degradation. Histol Histopathol 1999;14:871-7.
[147] Lakkakorpi PT, Horton MA, Helfrich MH, Karhukorpi EK, Vaananen HK. 
Vitronectin receptor has a role in bone resorption but does not mediate tight 
sealing zone attachment of osteoclasts to the bone surface. J Cell Biol 
1991;115:1179-86.
[148] Chou L, Marek B, Wagner WR. Effects of hydroxylapatite coating 
crystallinity on biosolubility, cell attachment efficiency and proliferation in vitro. 
Biomaterials 1999;20:977-85. doi:10.1016/S0142-9612(98)00254-3.
[149] Deligianni DD, Katsala ND, Koutsoukos PG, Missirlis YF. Effect of surface 
roughness of hydroxyapatite on human bone marrow cell adhesion, proliferation, 




[150] Marino S, Logan JG, Mellis D, Capulli M. Generation and culture of 
osteoclasts. BoneKEy Rep 2014;3:570. doi: 10.1038/bonekey.2014.65.
[151] Akchurin T, Aissiou T, Kemeny N, Prosk E, Nigam N, Komarova SV. 
Complex Dynamics of Osteoclast Formation and Death in Long-Term Cultures. 
PLoS ONE 2008;3:e2104. doi:10.1371/journal.pone.0002104.
[152] Geblinger D. Zink C, Spencer ND, Addadi L, Geiger B. Effects of surface 
microtopography on the assembly of the osteoclast resorption apparatus. J R Soc 
Interface 2011. doi: 10.1098/rsif.2011.0659.
169
